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Chapter 1 Introduction 
1.1 What’s fuel cell 
Fuel cells are electrochemical devices that convert chemical energy to electrical 
energy based on the simple reaction given in Eq. (1-1) [1]. Hydrogen or 
hydrogen-containing fuels are fed to the anode, which are directly converted into 
protons, electrons, heat and water. Therefore, fuel cells are regarded as an upcoming 
environmentally reliable power source. 
 
2H2 + O2 → 2H2O        (1-1) 
 
Meanwhile, compare with conventional power generation methods, fuel cells have 
very high efficiency. The reason is that the intermediate steps of producing heat and 
mechanical work typical of most conventional power generation methods are avoided, 
fuel cells are not limited by thermodynamic limitations of heat engines such as the 
Carnot efficiency [2]. On the other words, there is no combustion reaction occurs in 
the fuel cells, thus, the power is produced with minimal pollutant. 
A fuel cell power system is consisted by a number of components [2]: 
! Unit cells, in which the electrochemical reactions take place 
! Stacks, in which individual cells are modularly combined by electrically 
connecting the cells  to form units with the desired output capacity 
! Balance of plant which comprises components that provide feed stream 
conditioning (including a fuel processor if needed), thermal management, and 
electric power conditioning among other ancillary and interface functions 
 Except some practical issues such as the costs and manufacturing, two 
fundamental technical problems with fuel cells are: slow reaction rate, leading to low 
currents and power and hydrogen is not a readily available fuel [3]. In order to solve 
these problems, a lot of different types of fuel cells were developed. The most 
common classification of fuel cells is by the type of electrolyte used in the cells and 
includes 1) polymer electrolyte fuel cell (PEFC), 2) alkaline fuel cell (AFC), 3) 
phosphoric acid fuel cell (PAFC), 4) molten carbonate fuel cell (MCFC), and 5) solid 
oxide fuel cell (SOFC) [4]. The differences of the fuel cell types are shown in Table 
1-1. The operating temperature range of the fuel cell, which is determined by the 
electrolyte, plays an important role in dictating the degree of fuel processing required. 
For example, aqueous electrolytes are limited to temperatures of about 200 °C or 
lower due to their rapid degradation and high vapor pressure at higher temperatures. 
In addition, the thermomechanical and physicochemical properties of materials used 
in the cell components (i.e., electrolyte, electrodes, current collector, etc.) also relate 
to the operating temperature and life of fuel cells. 
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Table 1-1 Differences of the fuel cell types 
 
 
 The PEFCs run at quite low temperatures. In order to solve the problem of slow 
reaction rates, catalysts are used on the electrodes. Platinum is widely used as the 
anode and cathode catalysts in the PEFC, resulting in a relative high cost. Recent 
years, many researchers focus on the catalysts with low Pt content or without Pt, the 
cost of the catalysts decreased significantly. The detail will be discussed in chapter 5. 
The electrolyte used in PEFC is a solid polymer which has the ability to transfer 
protons. The detail will be explained in the next session, 1.2 of chapter 1. This type of 
fuel cell is inherently very simple due to the solid and immobile electrolyte. One 
solution to the problem of hydrogen supply is to use methanol as a fuel instead. We 
call this type of PEFC “direct methanol fuel cell (DMFC)”. The liquid methanol fuel 
can be used and stored under atmospheric pressure different from that of the hydrogen 
gas as a fuel for the PEFC which is required to be stored under high-pressure 
conditions. In addition, the DMFC does not require a reformer subsystem which is 
necessary to reform from alcohol to hydrogen when alcohol is used as the fuel for the 
PEFC [5]. Therefore, the DMFC system can be smaller and lighter than the PEFC and 
there are many potential applications in the rapidly growing area of portable 
electronics equipment. 
 In the case of AFC, the highly porous electrodes with a platinum catalyst are used 
to overcome the slow reaction rate. Moreover, sometimes the reaction rate is 
accelerated by operating the fuel cell under a quite high pressure. Although some 
historically important alkaline fuel cells have operated at about 200 °C, they more 
usually operate below 100 °C. The main problem of AFC is that the air and fuel 
supplies must be free from CO2, or else pure oxygen and hydrogen must be used [3].  
 The PAFC was the first to be produced in commercial quantities. And many 
PAFCs were installed in the USA and Europe. In order to boost the reaction rate to a 
reasonable level, the porous electrodes with platinum catalysts and a fairly high 
temperature (~220 °C) are used. The other problem of feeding hydrogen is solved by 
PEFC AFC PAFC MCFC SOFC
Operating
temperature
40 - 100 °C 65 - 220 °C 205 °C 650 °C 600 - 1000 °C
Electrolyte
Hydrated
polymeric ion
exchange
membranes
Mobilized or
immobilized
potassium
hydroxie in
asbestos
matrix
Immobilized
liquid
phosphoric
acid in SiC
Immobilized
liquid molten
carbonate in
LiAlO2
Perovskites
(Ceramics)
Electrodes Carbon Transition
metals
Carbon Nickel and
Nickel Oxide
Perovskite
and
perovskite /
metal cermet
Catalyst Platinum Platinum Platinum Electrode
material
Electrode
material
Charge
carrier
H+ OH- H+ CO3= O=
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a reforming system which can convert the natural gas (predominantly methane) to 
hydrogen and carbon dioxide. However, some new problems are brought. The 
equipment needed to do this adds significantly to the complexity, cost, and size of the 
fuel cell system [3]. Despite the disadvantage, a remarkable advantage of PAFC 
system is that it is a maintenance-free power system.  
 An interesting feature of MCFC is that it needs the carbon dioxide in the air to 
work. MCFC is operated under a high temperature, and a good reaction rate is 
achieved by using a comparatively inexpensive catalyst – nickel. The gases such as 
methane and coal gas could be used in MCFC directly without an external reformer. 
The primary disadvantage of current MCFC technology is durability. The high 
temperatures at which these cells operate and the corrosive electrolyte used accelerate 
component breakdown and corrosion, decreasing cell life [6].  
 As I mentioned above, each type of fuel cell solves some problems, but brings 
new difficulties. The SOFC operates under a very high temperature. Therefore, even 
without expensive catalysts a high reaction rates could be achieved [7]. Moreover, the 
natural gas can be used directly in the fuel cell without any separate reforming system. 
This fuel cell type takes full advantage of the inherent simplicity of the fuel cell and 
solved all the problems. However, the ceramic materials that these cells are made 
from are difficult to handle, resulting in a high cost of manufacturing. In addition, a 
large amount of extra equipment is still needed to make a full fuel cell system. This 
extra plant includes air and fuel preheaters, and the cooling system, which are not 
easy to start up [3].  
In this study, I focused on the PEFC and DMFC, which could be used as a 
portable power supply due to the low operation temperature and small size. And 
PEFCs are being pursued for a wide variety of applications. 
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1.2 Polymer electrolyte fuel cell (PEFC) 
1.2.1 What’s PEFC 
In a PEFC, two half-cell reactions take place simultaneously, an oxidation 
reaction (loss of electrons) at the anode and a reduction reaction (gain of electrons) at 
the cathode. These two reactions make up the total oxidation-reduction (redox) 
reaction of the fuel cell, the formation of water from hydrogen and oxygen gases [8]. 
As in an electrolyzer, the anode and cathode are separated by an electrolyte, which 
allows ions to be transferred from one side to the other (Fig. 1-1). The electrolyte in a 
PEFC is a solid acid supported within the membrane. The solid acid electrolyte is 
saturated with water so that the transport of ions can proceed and I will explained it 
later. 
 
 
Fig. 1-1 Schematic illustration of PEFC. 
 
Fuel electrode reaction：      H2 → 2H+ + 2e-                (1-2) 
Air electrode reaction：         1/2 O2 + 2H+ + 2e- → H2O       (1-3) 
Overall reaction：          H2 + 1/2 O2 → H2O             (1-4) 
 
At the anode, the hydrogen oxidation reaction (HOR) occurs. The hydrogen 
molecules first come into contact with a platinum catalyst on the electrode surface. 
The hydrogen molecules break apart, bonding to the platinum surface forming weak 
O2 in air H2
H+
H2O
CathodeAnode
Electrolyte
Electric power
2e-
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H-Pt bonds. As the hydrogen molecule is now broken the oxidation reaction can 
proceed. Each hydrogen atom releases its electron, which travels around the external 
circuit to the cathode. The remaining hydrogen proton bonds with a water molecule 
on the membrane surface, forming a hydronium ion (H3O+). The hydronium ion 
travels through the membrane material to the cathode, leaving the platinum catalyst 
site free for the next hydrogen molecule.  
At the cathode, oxygen molecules come into contact with a platinum catalyst on 
the electrode surface. The oxygen molecules break apart bonding to the platinum 
surface forming weak O-Pt bonds, enabling the reduction reaction to proceed. Each 
oxygen atom then leaves the platinum catalyst site, combining with two electrons 
(which have travelled through the external circuit) and two protons (which have 
travelled through the membrane) to form one molecule of water. The redox reaction 
has been completed. The platinum catalyst on the cathode electrode is again free for 
the next oxygen molecule to arrive. 
A common polymer electrolyte membrane material used today is Nafion®. 
Developed in the 1970s by Dupont, Nafion consists of Polytetrafluoroethylene (PTFE) 
chains, commonly known as Teflon® forming the backbone of the membrane. 
Attached to the Teflon chains, are side chains ending with sulphonic acid (HSO3) 
groups (Fig. 1-2). An interesting feature of this material is that whereas the long chain 
molecules are hydrophobic (repel water), the sulphonate side chains are highly 
hydrophylic (attract water). For the membrane to conduct ions efficiently the 
sulphonate side chains must absorb large quantities of water. Within these hydrated 
regions, the hydrogen ions of the sulphonic acid groups can then move freely, 
enabling the membrane to transfer hydrogen ions, in the form of hydronium ions from 
one side of the membrane to the other [9, 10].  
 
Fig. 1-2 Chemical structure of the polymer electrolyte membrane [9]. 
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1.2.2 Power generation efficiency of PEFC 
For the power generation efficiency of hydrogen-type PEFC, the cell potential 
(Ecell) of a voltaic cell is the electromotive force that the cell generates. Ecell is related 
to the change in free energy (ΔGcell) of the cell reaction by the equation: 
 
 −ΔGcell = nFEcell    (1-5) 
 
where F is Faraday’s constant (9.65 × 104 C/mol), n is the number of electrons 
transferred in the balanced chemical equation describing the cell reactions, theoretical 
value of the available energy ΔG is -237.2 kJ mol-1. The electromotive force of 
hydrogen-type PEFC is calculated by equation (1-4), which is 1.23 V vs. SHE 
(Standard hydrogen electrode). 
 
E = -ΔG / nF = 237.2 (kJ mol-1) / 2 × 96485 (C mol-1) = 1.23 (V) (1-6) 
 
The power generation efficiency is given as the ratio of output to the fuel 
enthalpy ΔH, but being converted into electrical energy is not ΔH, it is the Gibbs free 
energy ΔG. 
 
ΔG = ΔH - TΔS    (1-7) 
 
where T is the temperature in degrees Kelvin, and ΔS is the change in entropy, the 
total thermal energy available is ΔH. The available free energy is equal to the 
enthalpy change less the quantity TΔS which represents the unavailable energy 
resulting from the entropy change within the system. The amount of heat that is 
produced by a fuel cell operating reversibly is TΔS. Reactions in fuel cells that have 
negative entropy change generate heat (such as hydrogen oxidation), while those with 
positive entropy change (such as direct solid carbon oxidation) may extract heat from 
their surroundings if the irreversible generation of heat is smaller than the reversible 
absorption of heat. 
At standard conditions of 25°C (298 K) and 1 atmosphere, the thermal energy 
(∆H) in the hydrogen/oxygen reaction is 285.8 kJ mol-1, and the free energy available 
for useful work is 237.1 kJ mol-1. Thus, the thermal efficiency of an ideal fuel cell 
operating reversibly on pure hydrogen and oxygen at standard conditions is: 
 
   ΔG / ΔH = -237.2 (kJ mol-1) / -285.8 (kJ mol-1) = 0.83    (1-8) 
 
The actual cell potential is decreased from its ideal potential because of several 
types of irreversible losses. These losses are often referred to as polarization, 
overpotential or overvoltage, though only the ohmic losses actually behave as a 
resistance. Multiple phenomena contribute to irreversible losses in an actual fuel cell 
[11]:  
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" Activation-related losses. These stem from the activation energy of the 
electrochemical reactions at the electrodes. These losses depend on the reactions 
at hand, the electro-catalyst material and microstructure, reactant activities (and 
hence utilization), and weakly on current density.  
" Ohmic losses. Ohmic losses are caused by ionic resistance in the electrolyte and 
electrodes, electronic resistance in the electrodes, current collectors and 
interconnects, and contact resistances. Ohmic losses are proportional to the 
current density, depend on materials selection and stack geometry, and on 
temperature.  
" Mass-transport-related losses. These are a result of finite mass transport 
limitations rates of the reactants and depend strongly on the current density, 
reactant activity, and electrode structure.  
 
In order to enhance the performance of PEFC, many cells are connected in series. 
Such a collection of fuel cells in series is called “stack”, which is shown in Fig. 1-3. It 
can increase the effective surface area markedly.  
 
Fig. 1-3 Schematic illustration of PEFC stack. 
 
1.2.3 Anode reaction of PEFC 
In PEFC, hydrogen oxidation reaction (HOR) is the reaction occurring at the 
anode. Normally, the kinetics of HOR is so fast that the cell voltage losses at the 
anode are negligible even for very low Pt loadings [12]. Therefore, compared with the 
oxygen reduction reaction (ORR) (slow reaction rate) on the cathode of PEFC, 
seldom study was conducted on the HOR. 	   The overall reaction equation for HOR is expressed by Eq. (1-2). And HOR is a 
multi-step reaction. Vermeijlen et al. [13] concluded that hydrogen oxidation occurs 
on a platinum electrode according to the Volmer-Tafel mechanism: 
Gas diffusion layer
Catalyst layer
Electrolyte membrane
Bipolar plates Bipolar plates
Single cell Cell stack
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                  H2 → 2Had         (Tafel reaction) 
                  Had → H+ + e-      (Volmer reaction) 
 
In the first step, H2 is dissociated and H adsorbed. This is accomplished either by the 
Tafel reaction. The adsorbed H is then discharged, following the Volmer route [14]. 
 
1.2.4 Cathode reaction of PEFC 
 In PEFC, including DMFC, oxygen reduction reaction (ORR) is the reaction 
occurring at the cathode. Normally, the ORR kinetics is very slow. In order to speed 
up the ORR kinetics to reach a practical usable level in a fuel cell, a cathode ORR 
catalyst is needed. At the current stage in technology, platinum (Pt)-based materials 
are the most practical catalysts, like Pt supported carbon (Pt/C) [15]. Due to the high 
cost of Pt-based catalysts for making commercially viable fuel cells, in the past 
several decades many researchers have focused on developing alternative catalysts, 
including noble metal alloys, such as PtCr [16], PtCo [17,18], PtNi [19,20], PtSn [20], 
catalysts, non-noble metal catalysts, such as carbon-supported hafnium oxynitride 
catalyst [21], Fe-N/C [22] catalyst and so on.  
The ORR is a multi-electron reaction that may include a number of elementary 
steps involving different reaction intermediates. Of various reaction schemes 
proposed for the ORR, the simplified version of the scheme given by Wroblowa et al. 
[23] appears to be the most effective one to describe the complicated reaction 
pathway by which O2 is reduced at metal surfaces. 
 
Fig. 1-4 The oxygen reduction reaction mechanism on Pt. 
 
The mechanism shown in Fig. 1-4 [24] indicates that O2 can be reduced either 
directly to water (direct 4-electron reduction) electrochemically with the rate constant 
k1, or to adsorbed hydrogen peroxide (H2O2,ad) with the rate constant k2 (“series” 
2-electron reduction). H2O2,ad can be further reduced to water with the rate constant k3, 
chemically decomposed on the electrode surface (k4), and/or desorbed into the 
electrolyte solution (k5).  
The hydroxyl radical formed from H2O2 was determined as the reason of 
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degradation in PEFC [25]. At the cathode, H2O2 is chemically formed, and a hydroxyl 
radical is generated by the decomposition of the H2O2. At the anode, due to the O2 
crossleak, H2O2 is chemically or electrochemically generated, and a hydroxyl radical 
is similarly generated by the decomposition of the H2O2. The hydroxyl radical will 
attack the membrane, ionomer and carbon support of the catalysts. In order to develop 
a highly durable membrane, professor E. Endo [26] introduced the “cationic radical 
quencher”. The cationic radical quencher (such as Mn2+ and Ce4+), which is 
incorporated into the polymer by the partial ion exchanging, quenches the hydroxyl 
radical and hydrogen peroxide and protects the sulfonic acid group. At the same time, 
the radical quencher ionically cross-links the polymer, which improves the 
mechanical properties of the polymer.  
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1.3 Direct methanol fuel cell (DMFC) 
1.3.1 What’s DMFC 
One problem of PEFC is that the hydrogen is very difficult to store. Since 
hydrogen has an extremely low density it is very difficult to hold it, even under high 
pressure. To ensure that the tank does not leak hydrogen, hydrogen is very small and 
thus can escape though the lattice of some metals, it is necessary to choose an 
appropriate material. In addition, hydrogen can be extracted from the other fuel 
source, but a reformer system is necessary, resulting a large scale of the fuel cell unit. 
Therefore, PEFC is possible to be used in large equipment, such as automobiles and 
power generation in home. And it is not suitable as the power source of small size 
equipment, such as mobile phones, digital cameras. Since the problems of PEFC have 
not been completed yet some members of industry have called for alternate sources of 
hydrogen, especially methanol. 
A direct methanol fuel cell (DMFC) is a type of PEFC, which also uses a proton 
exchange membrane as the electrolyte. The working mechanism of DMFC is as 
follows. Catalysts in addition to platinum are required on the anode and cathode. On 
the anode side of the membrane the methanol bond is broken in the reaction forming 
carbon dioxide, hydrogen ions and free electrons. As with the hydrogen fuel cell, the 
free electrons flow from the anode of the cell through an external circuit to the 
cathode and the hydrogen protons are transferred through the electrolyte membrane. 
At the cathode the free electrons and the hydrogen protons react with oxygen to form 
water [27]. 
 
Fig. 1-4 Schematic illustration of direct methanol fuel cell. 
 
Anode reaction：   CH3OH + H2O → CO2 + 6H+ + 6e-     (1-8) 
Cathode reaction：   3/2 O2 + 6H+ + 6e- → 3H2O       (1-9) 
Overall reaction： CH3OH + H2O + 3/2 O2 → CO2 + 3H2O     (1-10) 
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If methanol was used directly in fuel cells, all the problems of storing or making 
hydrogen are swept aside. Moreover, methanol is readily available and low-cost liquid 
fuel that has an energy density not very different from gasoline. The weight of any 
portable fuel cell system would be vastly reduced. Compared with the most important 
hydrogen storage technologies, the net energy density of methanol is much higher. 
This is the main advantage of the direct methanol system. The most pressing problem 
associated with the DMFC is that the fuel anode reactions proceed so much more 
slowly than with hydrogen. The oxidation of hydrogen occurs readily – the oxidation 
of methanol is a much more complex reaction, and proceeds much more slowly. This 
results in a fuel cell that has a far lower power for a given size. The second major 
problem is that of fuel crossover. It is particularly acute in the DMFC because the 
electrolyte used is usually a PEM. These readily absorb methanol, which mixes well 
with water, and so quickly reaches the cathode. Meanwhile, oxygen crossleak and as 
methanol crossover occur. These show themselves as a reduced open circuit voltage 
but affect the performance of the fuel cell at all currents. In order to solve this 
problem, some study was conducted in the chapter 4. 
The result of these problems mentioned above is that the performance of the 
DMFC is markedly worse than other types, such as PEFC. If the problems are solved, 
then the DMFC could be used in all mobile fuel cell applications, including such 
high-power applications as motor vehicles. However, the rate of development is such 
that this sort of application is a long way off. The first applications of the DMFC will 
almost certainly be in cases where a power of only a few watts is sufficient, but a high 
energy density is required. Good examples are mobile phones, or digital movie 
cameras. 
 
1.3.2 Anode reaction of DMFC 
In DMFCs, methanol oxidation reaction (MOR) is the reaction occurring at the 
anode. MOR has been the subject of a large number of studies in the past [28, 29, 30]. 
The thermodynamic potential for methanol oxidation to CO2, lies very close to the 
equilibrium potential of hydrogen: 
 
CH3OH + H2O → CO2 + 6H+ + 6e-       (1-11) 
 
However, compared with hydrogen oxidation, this reaction is by several orders of 
magnitude slower. As early suggested by Breiter, the total oxidation process consists 
of a pattern of parallel reactions which can, in principle, be formulated as follows [31, 
32]: 
 
 
	   17	  
Both of these pathways require a catalyst, which should be able to (a) dissociate 
the C-H bond and (b) facilitate the reaction of the resulting residue with some 
O-containing species to form CO2 (or HCOOH). On a pure Pt electrode, which is 
known to be the best catalyst for breaking the C-H bond, complete oxidation takes 
place via two processes occurring in separate potential regions [32]: 
" The first process, involving adsorption of methanol molecules, requires several 
neighboring places at the surface. Since methanol is not able to displace 
adsorbed H atoms, adsorption can only begin at potentials where enough Pt sites 
become free from H, i.e. near 0.2 V vs. RHE for a polycrystalline Pt electrode. 
" The second process requires dissociation of water, which is the oxygen donor of 
the reaction. On pure Pt electrode, a strong interaction of water with the catalyst 
surface is only possible at potentials above 0.4-0.45 V vs. RHE.  
 
Thus, on a pure Pt catalyst methanol oxidation to CO2 cannot begin below, say 
0.45 V vs. RHE. However, the adsorbate layer does not exhibit a good reactivity 
below approximately 0.7 V vs. RHE, i.e. a high rate of oxidation at pure Pt occurs at 
potentials without technological interest. 
As we known that the intermediates CO of MOR can adsorb on the surface of 
catalysts, making it inactivation. Pt was first introduced as the MOR catalyst in 
DMFCs, but poor CO tolerance prohibited its commercial application [33]. Currently 
the state-of-the-art catalyst is a binary PtRu alloy which can oxidize CO at relatively 
lower potential than pure Pt, but the PtRu catalyst still suffers from high cost and low 
catalytic activity.	  There have been various efforts aimed at solving these problems. 
Most of the reported research has been focused on transition metal doped PtRu 
catalysts, including ternary PtRuFe [34,35], PtRuCo [36~38], PtRuNi [39,40], and 
PtRuCu [41] catalysts. Although these PtRu-based ternary catalysts have achieved 
cost reduction and activity improvement, dissolution of Ru still remains as an obstacle 
[42~45]. As an alternative, Pt-based binary alloys have also been investigated, and 
promising results have been reported in PtBi [46], PtPb [47], and PtTi [48] catalysts, 
but still suffer from the low activity. In addition, MOR does not only occur on the 
anode but also on the cathode in the reason of methanol crossover. Therefore, the 
DMFC exhibits a markedly low performance in the presence of methanol and oxygen. 
Hence, to realize a high DMFC power generation performance, it is important to 
investigate the reaction selectivity using the Pt-based powder electrocatalyst because 
of its comparatively high catalystic activity [49]. In chapter 4, the MOR and ORR 
selectivity of seven types of Pt/C catalysts in the presence of methanol and oxygen 
were investigated. 
 
1.3.3 Cathode reaction of DMFC 
In DMFC, ORR is the reaction occurring at the cathode. It has been explained in 
1.2.4. 
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1.4 H2-CO2 fuel cell 
Carbon dioxide (CO2) is known to be a major factor of a greenhouse effect, and 
the accumulated CO2 in the atmosphere causes global warming. Hence, the 
suppression of CO2 emissions into the atmosphere is urgently necessary. Generally, 
CO2 is very stable regarding chemical reactions; therefore, it is quite difficult to 
reduce to reusable chemicals. For this reason, large scale CO2 exhaust plants are being 
considered to handle the gas by developing technologies for carbon dioxide capture 
and storage [50-53]. Another attempt to decrease the exhausted CO2 amount is 
catalytic fixation into hydrocarbons, whereas such a catalytic reaction requires a large 
heat energy [54,55].  
An electrochemical CO2 reduction method seems to be a noteworthy method 
when one considers the following standard electrode potentials [56,57], which suggest 
that CO2 can be easily reduced: 
 
CO2 + 4H+ + 4e- → C + H2O        E° = 0.02 V vs. NHE     (1-12) 
CO2 + 8H+ + 8e- → CH4 + 2H2O     E° = 0.169 V vs. NHE    (1-13) 
CO2 + 6H+ + 6e- → CH3OH + H2O   E° = 0.016 V vs. NHE    (1-14) 
CO2 + 2H+ + 2e- → CO + H2O      E° = -0.106 V vs. NHE    (1-15) 
 
Actually, these electroreductions accompany a large overpotential. Moreover, the CO2 
electrochemical reductions compete with the hydrogen evolution reaction from water 
[58,59]. These are the reasons why an efficient electrochemical reduction of CO2 is 
quite difficult. 
 Recently, our group reported that the CO2 reduction occurs at a Pt-based cathode 
around the standard electrode potentials represented by the above equations in a 
polymer electrolyte membrane cell [60,61]. The reason for this very low overpotential 
is still uncertain. However, when we take into account the large overpotential of the 
CO2 reduction observed in an aqueous solution [59,62] the low overpotential will be 
explained by the small amount of water included in the polymer electrolyte membrane 
cell, which may suppress the reduction of water. Consequently, we found methanol to 
be the main product of the CO2 electroreduction in the dry system [60,61]. Based on 
these results, the CO2 reduction with an infinitesimal overpotential in the polymer 
electrolyte fuel cell can generate electric power when combined with a hydrogen 
oxidation reaction expressed by Eq. (1-15) as the counter reaction 
 
2H+ + 2e- → H2      E° = 0.000 V vs. NHE    (1-15) 
 
In other words, an H2-CO2 fuel cell will function by feeding H2 and CO2 to the anode 
and cathode of a PEFC, respectively. And we have already functioned the H2-CO2 
fuel cell [63]. However, the study of H2-CO2 fuel cell is recently conducted by our 
group, even in the world. In chapter 6, the products of CO2 reduction adsorbed on the 
Pt/C and PtRu/C catalysts were conducted. 
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1.5 Porous microelectrode 
A microelectrode is an electrode with at least one dimension small enough that its 
properties, eg. mass transport regime, are a function of size. It will become clear that, 
in practice, the critical dimension will generally fall in the range 0.1 to 50 µm [64]. In 
comparison with the conventional macroelectrode, the various features which 
combine to make microelectrodes so attractive for many studies are as follows: 
! It does not require a complex analysis because the obtained current is a 
steady-state value. 
! The current measured by macroelectrode is proportional to electrode area (πr2). 
However, the current measured by microelectrode is proportional to electrode 
radius (r), which can eliminate the noise caused by electric double layer 
charging.  
! The current is so small that iR drop can be ignored. 
! Microelectrode can be used in in micro field due to its small surface area. 
! The mass transfer to microelectrode surface is steady and fast. Therefore, it is 
possible to measure the electrode reaction rate and chemical reaction rate. 
! The edge effect of microelectrode is much stronger than that of macroelectrode. 
Thus, with regard to microelectrode it is spherical diffusion, rather than plane 
diffusion appeared by macroelectrode (Fig. 1-5). 
 
 
  Macroelectrode                 Microelectrode 
 
Fig. 1-5 The diffusion of macroelectrode and microelectrode. 
 
Porous-microelectrode (PME), which has a microcavity at the tip of micro-disk 
electrode, can be an effective tool for testing functional materials in electrochemistry. 
Because the PME allows to (i) minimize the ohmic drop effect, due to the 
micrometric size low associated current intensity; (ii) rule out both the contribution of 
a gluing agent on the electrochemical response and (iii) any contribution from the 
current collector (the microdisk at the base of the cavity) since its surface area is 
negligible in comparison with the one of the hosted material [65]. In addition, the 
volume of material inserted in the microcavity is easily calculated, thus, the 
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quantitative analysis could be possible. The PMEs have been used to study redox 
reactions on many powder materials, such as carbon black, Pt black, Pt/C/Nafion and 
so on.  
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1.6 Electrochemical impedance spectroscopy (EIS) 
EIS is a diagnostic tool that has been widely used to study the electrochemical 
systems such as battery and electrolytic cells, has been utilized by an increasing 
number of researchers in PEFC studies in recent years [66]. The technique has already 
become a primary tool in PEFC research because EIS has the capability to distinguish 
the individual process in a multiple-step reaction.  
A small sinusoidal AC potential (or current) is applied as a perturbation signal to 
the fuel cell, then the frequency dependence of the impedance of a fuel cell and the 
current (or potential) response can be measured. The applications of EIS in PEFC 
studies include the following: (1) to provide microscopic information about the fuel 
cell system, which can help fuel cell in the aspects of structure optimization and the 
selection of the most appropriate operating conditions; (2) to allow modeling of the 
system with an appropriate equivalent circuit, and consequently to obtain the 
electrochemical parameters of the system; (3) to distinguish the individual 
contributions of each component, such as the membrane, the gas diffusion layer, and 
the catalyst layer, to the fuel cell performance, which can assist in identifying 
problems within the fuel cell components; (4) to identify individual contributions to 
the total impedance of a PEM fuel cell from different electrode processes, such as 
interfacial charge transfer and mass transport resistances in the catalyst layer and 
diffusion layer [66,67]. In chapter 3, the electrode degradation behavior of PEFC was 
investigated using EIS. 
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1.7 Purpose of this thesis 
As mentioned above, the study of electrode reaction of PEFC has become more 
and more important for enhancing the performance and durability, decreasing the cost 
of fuel cell. In this thesis, an effective tool PME was employed to investigate the 
electrode reactions. In order to solve the problems mentioned above, the following 
studies were carried out. 
 
Chapter 3: Durability is a big problem to the commercialization of PEFC. One of 
the most important issues for the PEFC durability is to tackle the degradation of 
electrocatalyst layer. For the commonly used Pt/C catalyst, it is reported that the 
nano-sized Pt supported on carbon black will gradually dissolve, grow larger and 
diffuse in the membrane electrode assembly. In this study, a porous microelectrode 
(PME) was developed to model the electrode degradation behavior in the real PEFC. 
And the degradation behavior was investigated by the EIS. 
 
Chapter 4: Due to Pt and Pt alloy catalysts both have activity for MOR and ORR, 
the DMFC shows a low performance in the presence of methanol and oxygen by 
means of the methanol crossover and oxygen cross leak. In order to clarify the 
selectivity of MOR and ORR in the presence of methanol and oxygen, in this chapter, 
the reaction selectivity of MOR and ORR was investigated in the coexistence of 
methanol and oxygen at different types of Pt/C electrocatalysts. 
 
Chapter 5: PEFC cannot be extensively used, one reason is that the high cost of 
electrocatalyst. In this case, many scientists focused on the low cost electrocatalysts 
containing small amount of Pt or no Pt. Many studies were conducted on the cathode 
catalysts, however, the anode catalysts were studied less. Therefore, in this chapter, I 
prepared the anode catalysts with small amount of Pt and evaluated the HOR activity 
on them. 
 
Chapter 6: CO2 is known to be a major factor of a greenhouse effect. Nowadays, a 
new type of PEFC we call it H2-CO2 fuel cell attract my attention because CO2 is used 
as the cathode fuel. In this case, we can not only decrease the CO2 in the air but also 
get electric power and products of CO2 reduction reaction, such as methanol and 
methane. However, as I mentioned in 1.4 the CO2 reduction reaction is a very 
complex multi-step reaction. In order to control the reaction and enhance the 
performance of the H2-CO2 fuel cell, the adsorption of CO2 reduction products at Pt/C 
and Pt-Ru/C electrocatalysts was investigated. 
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Chapter 2 Experimental 
2.1 Purpose 
In this chapter, chemicals, electrode preparation methods, characterizations and 
electrochemical measurements conducted in chapter 3 to 6 were described. 
2.2 Chemicals and gases 
In this research, the following chemicals and gases were used. 
 
Gas 
• Ar gas (Alpha gas②TM, 99.9999%, Air Liquide Kogyo Gas Ltd.) 
• O2 gas (99.5%, KANEKO-SHOKAI Ltd.) 
• H2 gas (99.99%, KANEKO-SHOKAI Ltd.) 
• CO2 gas (99.995%, KANEKO-SHOKAI Ltd.) 
•  
Chemicals 
• Sulfuric Acid (H2SO4 = 98.08, 95.0%, Wako) 
• Nitric Acid (HNO3 = 63.01, 69 ~ 70%, Wako) 
• Hydrochloric Acid (HCl = 36.46, 35.0 ~37.0 %, Wako) 
• Hydrogen peroxide (H2O2 = 34.01, Hydrogen Peroxide, 30%, Wako) 
• Methanol (CH3OH = 32.04, Methyl Alcohol, 99.8%, Wako) 
• 2-propanol ((CH3)2CHOH = 60.10, Isopropyl Alcohol, 99.7%, Wako) 
• Ethanol (C2H5OH = 46.07, Ethyl Alcohol, 99.5%, Wako) 
• 5% Nafion® 117 Dispersion Solution (DE521 CS type, Wako) 
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2.3 Porous microelectrode preparation 
Porous microelectrode (PME) is very effective for evaluating the powder catalyst. 
The preparation method [1,2] of PME is shown in Fig. 2-1. First, a capillary glass (PG 
10165-4, World Precision Instruments, Inc.) of ϕ1.65 mm was cut down for 5 cm and 
immersed in 3N HNO3 aqueous solution overnight, then cleaned by ultrasonic 
machine in Milli-Q water for 30 min. Subsequently, one end of the capillary glass was 
heat-sealed. After that, Cu wire (ϕ0.56 mm) was cut down for about 7 ~ 8 cm, the 
enamel at both ends of the wire should be scraped. ①The Cu wire and 0.5 cm Pt wire 
of ϕ50 µm (or ϕ50 µm Au wire) were welded by a spot welding machine (ME-35, 
MT-510A, MH-21A, MIYACHI) with three spots at different places. ②The spot 
welded wire was inserted into the prepared capillary glass and temporarily fixed using 
epoxy resin, then left overnight. It should be noticed that the epoxy resin can’t block 
the capillary glass. ③The end of capillary glass with Pt wire (or Au wire) was 
heat-sealed by decompressing the air inside the glass and the other end was blocked 
by epoxy resin, then leaving it for 3 h (araldite rapid type). Then the tip of the 
heat-sealed capillary was polished using lapping films (#220 ~ #6000) to a mirror 
finish. Finally, the prepared microelectrode was cleaned by ultrasonic machine in 
Milli-Q water. ④The tip of the Au microdisk electrode was etched in 1 mol dm-3 HCl 
aqueous solution for 300 s at a current of 3 µA, resulting in a cavity, as shown in Fig. 
2-2 [3]. 
 
Fig. 2-1 Microelectrode preparation method. 
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60 µm 
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The depth of thus formed microcavity was measured by a laser scanning 
microscope (OLS-1200, Olympus). Finally, the prepared PME was cleaned and 
ultrasonicated in Milli-Q water.  
 
 
Fig. 2-2 A picture of PME taken by the laser scanning microscope. 
 
When powder catalyst was filled into the cavity, we should rub the powder 
catalyst slowly with PME on a glass substrate as shown in Fig. 2-3. Then to check 
whether catalyst remained around the cavity by the confocal laser scanning 
microscope, ensuring the surface is clean. After measurement, the cavity should be 
observed by the laser scanning microscope again, to make sure that the powder 
catalyst did not fall out of the cavity during the measurement. Finally, the PME was 
cleaned with ultrasonication in Milli-Q water to remove the catalyst powder. 
 
 
 
Fig. 2-3 The method of filling catalyst powder into the cavity. 
 
 
 
10 µm 
50 µm 

	
Glass substrate
Catalyst powder
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2.4 Membrane electrode assembly (MEA) preparation 
MEA is the most importance part in the PEFC, which is consisted of Nafion 
electrolyte, catalyst layer and gas diffusion layer (see chapter 1, Fig. 1-3). Fig. 2-4 
shows the preparation method of MEA. 
The MEA (geometric electrode area: 5 cm2) used in this study was prepared as 
follows [4-6]: Nafion 117 (5 cm × 5 cm, DuPont) was used as the polymer electrolyte 
membrane. The membrane was boiled in a 0.5 mol dm-3 H2SO4 solution, and then 
washed twice by boiling in distilled water for 1 h. Commercially available Pt/C (Pt 
loading: 45.7 wt%, Tanaka Kikinzoku Kogyo Co., Ltd., TEC10E50E) powder was 
used for both the anode and cathode catalysts. Three drops of Milli-Q water were 
added to the Pt/C powder and mixed using a ball mill for 5 min after which the 
mixture was diluted by a mixed solvent of methanol, 2-propanol, and Milli-Q water 
(weight ratio was 1:1:1). A 5 wt% Nafion 117 solution was added to the diluted 
mixture so that the volume ratio was 1:1 (Nafion : Pt/C powder), and dispersed using 
a ball mill for one day. The obtained catalyst slurry was sprayed over a piece of water 
repellent carbon paper (2.3 × 2.3 cm, TGP-H060, Toray Industries, Inc.), such that the 
amount of Pt was 1.0 mg cm-2. Subsequently, the pretreated Nafion 117 membrane 
was sandwiched between two pieces of the catalyst-coated carbon paper and 
hot-pressed at 4.5 kN and 140 °C for 10 min. 
The prepared MEA was installed in a single cell (ElectroChem, Inc., E3156) 
having a dynamic hydrogen electrode (DHE) as the reference electrode. The DHE 
consists of a Pt wire and uses the potential of the hydrogen evolution reaction. It was 
placed in a chamber inside of the separator flowing with the humidified hydrogen 
[7,8]. 
 
Fig. 2-4 The preparation method of MEA. 
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2.5 Characterizations of electrocatalysts 
2.5.1 X-ray diffraction 
Structural properties of the catalysts were characterized by collecting X-ray 
diffraction (XRD: Shimadzu, XD-D1) data over a 2θ range between 20° to 100° at 30 
mA and 30 kV using Cu Kα radiation. From the full width at half maximum (FWHM) 
obtained using XRD data, the Pt particle size included in the Pt/C electrocatalysts was 
estimated using Scherrer’s equation as follows: 
 
d = 0.9λ / (β1/2 cosθ )      (2-1) 
 
where d is the Pt grain size (nm), λ is the wavelength of Cu Kα radiation (0.154156 
nm), β1/2 is the FWHM, and θ is the angle of diffraction (radian).  
 
2.5.2 X-ray photoelectron spectroscopy 
The X-ray photoelectron spectroscopy (XPS) measurement was carried out in an 
ultrahigh vacuum on a JPS-9010TR system (JEOL. Co.) using a single Mg Kα X-ray 
source at 100 W and 10 kV. The binding energies were calibrated using the Au 4f5/2 
and 4f7/2 peaks as the reference. 
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2.6 Electrochemical measurements 
2.6.1 Three-component electrochemical glass cell 
Figure 2-5 shows a three-component electrochemical glass cell, containing a 
platinum wire as a counter electrode (CE), an Ag/Ag2SO4 reference electrode (RE) 
and a powder catalyst packed PME as the working 
electrode (WE). Prior to measurements, the powder 
catalyst packed PME is electrochemically cleaned in 
Ar-saturated (bubbling for 30 min) 0.5 mol dm-3 H2SO4 
solution by potential cycling for 30 min at a scan rate of 
100 mV s-1. Then the background cyclic voltammogram 
(CV) of the catalyst packed PME was performed in 
Ar-saturated 0.5 mol dm-3 H2SO4 aqueous solution at a 
scan rate of 10 mV s-1. Hydrogen oxidation reaction 
(HOR) is carried out in the H2-saturated (bubbling for 
30 min) 0.5 mol dm-3 H2SO4 aqueous solution at he 
scan rate of 10 or 1 mV s-1. In the same manner, oxygen 
reduction raction (ORR) is conducted in the 
O2-saturated (bubbling for 30 min) 0.5 mol dm-3 H2SO4 
aqueous solution at he scan rate of 10 or 1 mV s-1.	  Methanol oxidation reaction (MOR) 
is measured in Ar-saturated 0.5 mol dm-3 H2SO4 + 1 mol dm-3 CH3OH solution at he 
scan rate of 10 or 1 mV s-1. The cell potential is controlled by Electrochemical 
Analyzer 660A-h (ALS / [H] CH Instruments). All potentials are converted into RHE 
(reversible hydrogen electrode) scale.  
The EIS measurements are conducted in the potentiostatic mode by sweeping 
frequencies from 100 kHz to 0.1 mHz (HOR) and 100 kHz to 1 mHz (ORR) at an 
applied voltage of 5 mV using the Electrochemical Analyzer 660A-h.  
 
2.6.2 PEFC single cell 
The schematic figure of the PEFC single cell is shown in the Fig. 2-4. Humidified 
H2 (purity: 99.99%) and humidified O2 (purity: 99.5%) were supplied to the anode 
and cathode, respectively, at the flow rate of 50 cm3 min-1 by a PEFC power 
generation unit (HPR-1000, FC Development Co., Ltd.) [4,9]. The cell was operated 
at 40 °C during the experiments. For the MEA degradation, the potential cycling of 
the cathode was carried out in the potential range of 0.06–1.2 V vs. DHE for 20 h at 
the scan rate of 10 mV s-1.  
Before and after the potential cycling, an impedance analyzer (NF Corporation 
AS-510-4) was employed to measure the impedance spectra in this study. In contrast 
to the conventional half cell EIS measurements, this equipment makes it possible to 
measure the impedance spectra between the anode and DHE, cathode and DHE, in a 
complete PEFC single cell at the same time. Thus, before and after the degradation, 
RE CE
WE
Gas
Gas
Fig. 2-5 A three-component 
electrochemical glass cell. 
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all the AC impedance spectra between the anode and DHE, cathode and DHE, were 
measured in the galvanostatic mode using by taking 10 points per decade in the 
frequency range between 100 kHz and 0.1 Hz. The amplitude of the AC signal was 2 
mA cm-2, so that the output AC voltage would be less than 5 mV. 
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Chapter 3 Anode and cathode degradation 
modeling of polymer electrolyte fuel cell using a 
porous microelectrode evaluated by the 
electrochemical impedance spectroscopy 
3.1 Background 
Polymer electrolyte fuel cells (PEFCs) have attracted significant interest due to 
their high power density, a relatively simple design, quick startup, low noise 
emissions and high-energy conversion efficiency compared to traditional power 
sources [1-4]. The performance of the PEFC was drastically improved during the past 
two decades. Currently, the PEFC is close to the practical stage of commercialization. 
However, one major factor limiting the PEFC commercialization is the durability of 
the membrane electrode assemblies (MEAs) [5-7]. 
Numerous investigations of the MEA degradation have also been performed. 
Silva et al. [8] observed the thickness variation of the catalytic layer, and cracking, 
delamination, and catalyst migration. After a 1500-h operation, the power 
performance decreased by about 34%. Wu et al. [9] found the degradation of the fuel 
cell performance was mainly attributed to catalyst decay in the first 800 h of the 
lifetime test, while the subsequent dramatic degradation is likely caused by membrane 
failure. Shao-Horn et al. [10] investigated the mechanisms of surface area loss of the 
supported Pt electrocatalysts in a low-temperature fuel cell. The reason was attributed 
to the loss of Pt from carbon and coarsening of the Pt nanoparticles on carbon. These 
reports analyzed the performance degradation by ex-situ methods such as scanning 
electron microscopy (SEM), transmission electron microscopy (TEM), X-ray 
diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). To use these 
methods, the MEA should be removed from the fuel cell and the results cannot tell us 
quantitatively which component of the fuel cell contributed on the performance 
degradation. Therefore, a quantitative study of the performance degradation of 
different components in the MEA is very important in order to obtain the clues to 
increase the durability. 
Electrochemical impedance spectroscopy (EIS) is widely used to improve the 
understanding of multi-step reactions, allowing the kinetics of heterogeneous electron 
transfer reactions, coupled chemical reactions, or adsorption processes to be studied 
[11]. The main advantage of the EIS is that it can distinguish the individual 
contributions of the interfacial charge transfer and the mass transfer resistances and 
provide quantitative information about them [12]. Therefore, EIS could be a powerful 
approach to characterize fuel cell performance before and after degradation according 
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to the variations of charge transfer and the mass transfer resistances. 
The porous microelectrode (PME), which has a microcavity in the tip, has been 
demonstrated as a powerful tool to investigate electrode reactions [13-17]. The PME 
is a quite new and efficient technique to represent the electrode structure by filling 
different catalyst compositions in the microcavity. 
In this chapter, the performance degradation of the PEFC single cell was 
conducted by potential cycling and quantitatively analyzed by measuring the EIS of 
the anode and cathode to clarify the degradation mechanism. Subsequently, the PME 
was used to model the electrode structure before degradation by filling the powder 
mixture of the commercial Pt/C catalyst and Nafion in the microcavity. On the other 
hand, as a representative of the electrode structure after degradation, the Pt 
electroplated PME by filling the microcavity with the powder mixture of the carbon 
black and Nafion was developed. 
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3.2 Experimental 
3.2.1 Measurements in PEFC single cell 
3.2.1.1 Preparation of the PEFC single cell 
The MEA (geometric electrode area: 5 cm2) used in this study was prepared 
according to the method explained in 2.4 of chapter 2. Nafion 117 (5 cm × 5 cm, 
DuPont) was used as the polymer electrolyte membrane. Commercially available Pt/C 
(Pt loading: 45.7 wt%, Tanaka Kikinzoku Kogyo Co., Ltd., TEC10E50E) powder was 
used for both the anode and cathode catalysts. The prepared catalyst slurry, in which 
the volume ratio of Pt/C and Nafion 117 is 1 to 1, was sprayed over a piece of water 
repellent carbon paper (2.3 × 2.3 cm, TGP-H060, Toray Industries, Inc.), such that the 
amount of Pt was 1.0 mg cm-2. Finally, the prepared MEA was installed in a single 
cell (ElectroChem, Inc., E3156) having a dynamic hydrogen electrode (DHE) as the 
reference electrode [18]. 
3.2.1.2 Operation for the MEA degradation 
Humidified H2 (purity: 99.99%) and humidified O2 (purity: 99.5%) were supplied 
to the anode and cathode, respectively, at the flow rate of 50 cm3 min-1 by a PEFC 
power generation unit (HPR-1000, FC Development Co., Ltd.) [19,20]. The cell was 
operated at 40 °C during the experiments. For the MEA degradation, the potential 
cycling of the cathode was carried out in the potential range of 0.06–1.2 V vs. DHE 
for 20 h at the sweep rate of 10 mV s-1. 
3.2.1.3 EIS measurements 
An impedance analyzer (NF Corporation AS-510-4) was employed to measure 
the impedance spectra in this study. In contrast to the conventional half cell EIS 
measurements, this equipment makes it possible to measure the impedance spectra 
between the anode and DHE, cathode and DHE, anode and cathode in a complete 
PEFC single cell at the same time. Thus, before and after the degradation, all the AC 
impedance spectra between the anode and DHE, cathode and DHE, were measured in 
the galvanostatic mode using by taking 10 points per decade in the frequency range 
between 100 kHz and 0.1 Hz. The amplitude of the AC signal was 2 mA cm-2, so that 
the output AC voltage would be less than 5 mV. During the measurements, the 
humidified H2 (purity: 99.99%) and humidified O2 (purity: 99.5%) were supplied to 
the anode and cathode, respectively, at the flow rate of 50 cm3 min-1. 
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3.2.2 Measurements in a three-component electrochemical cell 
3.2.2.1 Preparation of the PME 
Two gold microdisk electrodes were prepared according to the method explained 
in 2.3 of chapter 2. Then the tip of the Au microdisk electrodes were etched in a 1 mol 
dm-3 HCl aqueous solution for 20 min at a current of 3 µA, resulting in a microcavity 
with a depth of 60 µm [21]. A cross-section photo of the microcavity taken by a laser 
scanning microscope (OLYMPUS OLS 1200) is shown in Fig. 3-1. 
 
Fig. 3-1 The cross-sectional photograph of the microcavity was taken by a laser 
scanning microscopy. 
 
Next, one of the PMEs was electroplated with Pt as the working electrode in a 
three-component electrochemical cell including a Pt wire as the counter electrode, and 
an Ag/Ag2SO4 reference electrode. The electroplating was carried out in an 
Ar-saturated 1 mmol dm-3 H2PtCl6 + 0.5 mol dm-3 H2SO4 solution by a potential 
cyclic sweep (rest potential – 0.05 V vs. RHE) for 2 h at the sweep rate of 50 mV s-1. 
Finally, in order to ensure the Pt was successfully electroplated on the surface of the 
Au microdisk electrode in the PME, the background cyclic voltammogram of the Pt 
electroplated PME was measured in an Ar-saturated 0.5 mol dm-3 H2SO4 solution at a 
sweep rate of 10 mV s-1. 
The powder mixture of the commercial Pt/C catalyst and Nafion was prepared as 
follows: 8 g of Milli-Q water were added to the commercially available Pt/C (Pt 
loading: 45.7 wt%, Tanaka Kikinzoku Kogyo Co., Ltd., TEC10E50E) catalyst powder 
and mixed using a stirrer for 20 min, after which a 5 wt% Nafion 117 solution was 
added so that the volume ratio of Pt/C to Nafion was 1 : 1, and dispersed using a 
stirrer for 2 h. The obtained catalyst slurry was dried at 80 °C for 15 h. Subsequently, 
60 µm 
Au 
Glass 
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the powder mixture of the carbon black (Vulcan XC-72R) and Nafion was prepared in 
the same manner. The volume ratio of carbon black to Nafion was 1 : 1 as well. 
Next I will explain the reason why I fabricate the modeled electrode like that 
shown in Fig. 3-2. Here I take the anode as the example to explain it. 
 
Fig. 3-2 Schematic illustration of the Pt/C + Nafion-packed PME (Electrode-1: 
modeled before degradation) and carbon black + Nafion-packed Pt electroplated PME  
(Electrode-2: modeled after degradation). 
 
Figure 3-3a shows the schematic figure of the anode after degradation. Some 
researchers pointed out the nano-sized Pt supported on carbon black will gradually 
dissolve, grow larger and diffuse in the MEA [10,22]. Therefore, we assumed the 
limit condition of the anode that after degradation all of the Pt particles would 
dissolve and diffuse, finally only carbon black would remain on the anode (see Fig. 
3-3b). Thus, as is shown in Fig. 3-2, the Pt/C + Nafion-packed PME (Electrode-1) 
was modeled the electrode structure before degradation. On the other hand, the carbon 
black + Nafion-packed Pt electroplated PME (Electrode-2) was modeled the electrode 
structure after degradation. 
 
 
Fig. 3-3 Schematic illustration of the anode (a) after the degradation, (b) under the 
limit condition of the degradation we assumed. 
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3.2.2.2 Electrochemical measurements 
The electrochemical measurements were carried out using the three-component 
electrochemical cell (2.6.1 of chapter 2). Prior to the electrochemical measurements, 
the powders of the Pt/C + Nafion and carbon black + Nafion were electrochemically 
cleaned in an Ar-saturated 0.5 mol dm-3 H2SO4 solution for 0.5 h at the sweep rate of 
100 mV s-1. The background cyclic voltammograms (CVs) were then obtained in an 
Ar-saturated 0.5 mol dm-3 H2SO4 solution at the sweep rate of 10 mV s-1. 
Subsequently, the Pt electrochemical surface area (ESA) was calculated according to 
the background CV by the following equation [23]: 
 
ESA = Qave / 210       (3-1) 
 
where Qave is the coulombic charge associated with the proton adsorption/desorption 
(µC) and 210 is the coulombic charge of the proton adsorption/desorption per unit 
area of Pt (µC cm-2). The HOR voltammograms were then measured in an 
H2-saturated 0.5 mol dm-3 H2SO4 solution at the sweep rate of 1 mV s-1. And the ORR 
voltammograms were measured in an O2-saturated 0.5 mol dm-3 H2SO4 solution at the 
sweep rate of 1 mV s-1.  
Finally, the EIS measurements were carried out. All the AC impedance spectra 
were recorded at 12 points/decade in the potentiostatic mode by sweeping the 
frequencies from 100 kHz to 0.1 mHz for HOR and 100 kHz to 1 mHz for ORR at an 
amplitude of 5 mV using the Electrochemical Analyzer 660A-h (ALS / [H] CH 
Instruments). 
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3.3 Results and discussion 
3.3.1 Results obtained using PEFC single cell 
3.3.1.1 MEA degradation under potential cycling 
Figure 3-4 shows the I-V and I-P curves for the anode and cathode of the MEA 
before and after the potential cycling. The maximum power density decreased from 
56.12 mW cm-2 to 47.64 mW cm-2 before and after the potential cycling of the fresh 
MEA for 20 h, respectively. For the anode, after the potential cycling, it showed a 
higher overpotential, indicating that degradation of the anode had certainly occurred. 
For the cathode, after the potential cycling, the onset potential decreased and when the 
potential is lower than 0.55 V vs. DHE, the current density is significantly lower than 
that of the fresh cathode, suggesting that the extent of cathode degradation is not as 
significant as that of the anode. 
 
Fig. 3-4. I-V and I-P curves of the Pt/C-based MEA before and after the potential 
cycling for 20 h. 
 
3.3.1.2 EIS measurements of the anode 
 Figure 3-5a shows the EIS measurement (symbol) and fitting (line) results before 
and after the potential cycling. The EIS measurement was carried out at a current 
density of 60 mA cm-2 (mixed control by the charge transfer and diffusion). The 
equivalent circuit used for the fitting is shown in Fig. 3-5b. In this circuit, Rs includes 
the electrolyte membrane, gas diffusion layer (GDL) and interfacial resistances, in 
which the membrane resistance is dominant among these resistances. The constant 
phase element (CPE) is used in the model in place of a capacitor to compensate for 
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the nonhomogeneity in the system [24]. The charge transfer resistance, Rct, is for the 
HOR process. The second branch consists of a capacitance, Cac, and resistance, Rmt, 
for the mass transfer process. A resistance Rad, as previously proposed is for the 
intermediates adsorption process [25-27]. An inductive loop was observed in the low 
frequency region, which was fitted by the element of L2. Up to now, the inductive 
behavior is still controversial. It has been reported to be due to adsorption/desorption 
of the intermediate species [25,28-30]. Water transport in a proton exchange 
membrane has also been reported to lead to an inductive loop by simulation [27]. 
Naito pointed out the inductive loops in the low frequency range are related to the 
mobile carrier ratio of the anion and cation [31]. 
 
Fig. 3-5 (a) Nyquist impedance spectra for the experimental data (symbol) and fit 
(line) of the anode at 60 mA cm-2. (b) Equivalent circuit used for fitting. 
 
The fitted results of the resistances are listed in the Table 3-1. Significant changes 
are observed in Rct and Rmt; Rct increased from 28.13 to 110.8 mΩ and Rmt increased 
from 8.3 to 64.58 mΩ after the potential cycling. In addition, Rs also shows a 
significant increase, indicating the degradation of the electrolyte membrane and GDL. 
Moreover, Rad dramatically decreased after the potential cycling. Subsequently, the 
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anode reaction resistance (ARR) was calculated by [(Rct × Rad)/(Rct + Rad) + Rmt]. 
ARR increased from 28.38 to 81.17 mΩ after the potential cycling, indicating a 
significant degradation of the anode. However, the significant degradation cannot be 
observed in the I-V curve (Fig. 3-4), suggesting that the EIS is an effective technique 
to investigate the electrode degradation in the PEFC single cell. 
 
Table 3-1. Fitted results of the anode EIS measurements. 
 
 
3.3.1.3 Discussion of the EIS results for anode 
The degradation mechanism of the anode is illustrated using the schematic 
figures of the anode before and after the degradation as shown in Fig. 3-6. After the 
potential cycling, the charge transfer resistance significantly increased, suggesting the 
decrease of the active Pt surface area due to the growth, dissolution and aggregation 
of the Pt particles in the catalyst layer [22]. Moreover, the Pt particles of the Pt/C 
electrocatalyst departed away and cracks are formed [8,22] in the catalyst layer also 
increased the charge transfer resistances of the anode. On the other hand, after 
potential cycling, the mass transfer resistance significantly increased, which is 
considered to be due to the degradation of the ionomer that affects the proton 
conductivity and results in a decrease of the corresponding fuel cell performance [33]. 
A degradation of the polymer electrolyte membrane is widely accepted; oxygen 
crossover from the cathode to anode leads to the formation of H2O2. The H2O2 or OH 
radical then attacks the membrane and degradation of the membrane actually occurs 
[32]. After the degradation, the adsorption resistance decreased, suggesting that the 
intermediates are generated in a large amount and easily adsorb on the Pt surface. 
 
 
 
 
 
 
R (mΩ)
Rad (adsorption) 69.94 19.47
Anode reaction resistance
(combinetion of Rct, Rmt, Rad)
28.38 81.17
Rct (charge transfer) 28.13 110.8
Rmt (mass transfer) 8.3 64.58
R before degradation after degradation
Rs (membrane) 64.22 94
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Fig. 3-6 Schematic figures of the anode before and after the degradation. 
 
3.3.1.4 EIS measurements of the cathode 
 The EIS of the cathode was measured and Fig. 3-7a shows the EIS measurement 
(symbol) results and fitting (line) results at 60 mA cm-2 (mixed control by the charge 
transfer and diffusion) before and after the potential cycling. The two different 
equivalent circuits shown in Fig. 3-7b and Fig. 3-7c were used to obtain the best fits 
of the EIS spectra before and after the potential cycling, because an inductive 
behavior was observed before the potential cycling but disappeared after the potential 
cycling. In the circuit before the potential cycling (Fig. 3-7b), Rs’ is attributed to the 
membrane resistance. The charge transfer resistance, Rct’ ORR process. The CPEca’ is 
the capacitive component. A resistance Rad’, as previously proposed, is for the 
intermediate adsorption process [25-27]. The second branch consists of a capacitance, 
Ccc’, and resistance, Rmt’, for the mass transfer process. An inductive loop was 
observed in the low frequency region, which was previously mentioned. In the circuit 
after the potential cycling (Fig. 3-7c), the first branch involves a branch for the 
adsorption process consisting of a capacitance, Cad’ and a resistance Rad’.  
 
 
 
 
 
 
 
 
 
 
 
 
 
	   44	  
 
Fig. 3-7 (a) Nyquist impedance spectra for the experimental data (symbol) and fit 
(line) of the cathode at 60 mA cm-2. Equivalent circuit used for fitting (b) before and 
(c) after the potential cycling. 
 
The fitted results of the resistances are listed in the Table 3-2. The charge transfer 
resistance of the ORR is much higher than that of the HOR due to the slower rate of 
the ORR. After the potential cycling, Rct’ slightly increased from 125.3 to 144.6 mΩ, 
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and Rmt’ increased from 255.8 to 291.1 mΩ. In addition, Rs’ also showed a small 
increase. However, Rad’ dramatically decreased after the potential cycling. 
Subsequently, the cathode reaction resistance (CRR) was calculated by [(Rct’ × 
Rad’)/(Rct’ + Rad’) + Rmt’] before the potential cycling and by (Rct’ + Rad’ + Rmt’) after 
the potential cycling. The CRR increased from 327.8 to 478.5 mΩ after the potential 
cycling, indicating that degradation of the cathode had occurred. 
 
Table 3-2. Fitted results of the cathode EIS measurements. 
 
 
3.3.1.5 Discussion of the EIS results for cathode 
Figure 3-8 shows schematic illustrations of the cathode before and after the 
degradation. As shown in Table 3-2, after the potential cycling, the charge transfer 
resistance increased, resulted from the degradation of the Pt/C catalyst. The electric 
charge transmission slows down due to diffusion of the Pt particles into the boundary 
surface of the electrode or electrolyte; this also affects the rate of the reduction 
reaction [33]. The nanoparticle catalysts tend to aggregate due to their high specific 
surface energy, and this tendency becomes clearer under more severe operating 
conditions [34]. Also, the growth and dissolution of the Pt particles in the catalyst 
layer resulted in a decreased active surface area for the electrochemical reaction [22]. 
Thus, the decrease in the electrocatalyst activation area increases the charge transfer 
resistance. The increase in the mass transfer resistance is due to the degradation of the 
ionomer [33]. Also, some other researchers reported that the water accumulation can 
block the electrocatalytic active sites, then the ORR may be suppressed. This effect 
increases the mass transfer resistance [35]. As is mentioned before, the degradation of 
the membrane is due to the attack of the H2O2 or OH radical, which are generated 
during the ORR process. After the degradation, similar to the anode, the adsorption 
resistance decreased, suggesting that the intermediates are generated in a large 
amount and easily adsorbed on the Pt surface. 
 
 
Rs' (membrane) 117 147
Rct' (charge transfer) 125.3 144.6
R' (mΩ)
R ' before degradation after degradation
Cathode reaction resistance
(combinetion of Rct', Rmt', Rad')
327.8 478.5
Rmt' (mass transfer) 255.8 291.1
Rad' (adsorption) 169.4 42.82
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Fig. 3-8 Schematic figures of the cathode before and after the degradation. 
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3.3.2 Results obtained using modeled electrode 
3.3.2.1 Electrochemical characterization of the model electrodes 
A typical background cyclic voltammogram (CV) of the Au microdisk electrode 
is seen in Fig. 3-9. Subsequently, this Au microdisk electrode was employed to 
prepare the PME. The background CVs of the Pt/C + Nafion-packed PME 
(Electrode-1) and the carbon black + Nafion-packed Pt electroplated PME 
(Electrode-2) were carried out in an Ar-saturated 0.5 mol dm-3 H2SO4 solution to 
determine the ECSA of the Pt. As is shown in Fig. 3-9, both of the Electrode-1 and 
Electrode-2 show the proton adsorption/desorption peaks (0–0.3 V vs. RHE), however, 
the peaks of Electrode-2 are significantly lower than those of Electrode-1. The Pt 
ECSAs calculated using Eq. (3-1) are 0.02712 and 0.001589 cm2 for Electrode-1 and 
Electrode-2, respectively. This suggests that the active Pt surface area of the modeled 
after degradation electrode is much lower than that of the modeled before degradation 
electrode. 
 
 
Fig. 3-9 Background cyclic voltammograms of the Au microdisk electrode (dashed 
line), Electrode-1: Pt/C + Nafion-packed PME (solid line), and Electrode-2: carbon 
black + Nafion-packed Pt electroplated PME (dotted line) in Ar-saturated 0.5 mol 
dm-3 H2SO4 solution. Sweep rate: 10 mV s-1. 
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3.3.2.2 EIS measurements for anode reaction (HOR) 
 The HOR measurements of Electrode-1 and Electrode-2 were carried out in the 
H2-saturated 0.5 mol dm-3 H2SO4 at the sweep rate of 1 mV s-1. These results are 
shown in Fig. 3-10. The HOR voltammogram of Electrode-2 shows a positive onset 
potential and a lower diffusion-limited current than that of Electrode-1, which means 
that HOR activity of the Electrode-2 is lower than that of the Electrode-1. It is 
considered to be due to the decrease in the Pt electrochemical surface area of the 
modeled after degradation electrode. In the HOR voltammograms, the characteristic 
potentials are defined as follow: the potential of charge transfer control (point 1), the 
potential of mixed control by the charge transfer and diffusion (point 2), and the 
potential of the diffusion control (point 3) [36]. Next the EIS measurements were 
carried out under these points. 
 
Fig. 3-10 Hydrogen oxidation reaction voltammograms of Electrode-1: Pt/C + 
Nafion-packed PME (solid line) and Electrode-2: carbon black + Nafion-packed Pt 
electroplated PME (dotted line) in H2-saturated 0.5 mol dm-3 H2SO4.  
Sweep rate: 1 mV s-1. 
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3.3.2.2.1 EIS results at point 1 
 Figure 3-11a shows the EIS experimental (symbol) and fitted (line) results of 
Electrode-1 (modeled before degradation) and Electrode-2 (modeled after 
degradation). The EIS measurements of Electrode-1 and Electrode-2 were carried out 
at the potentials of 0.005 and 0.011 V vs. RHE, respectively. The kinetics of charge 
transfer, mass transfer and adsorption resistances were quantitatively analyzed by the 
equivalent circuits which are shown in Fig. 3-11b and Fig. 3-11c [37]. The equivalent 
circuit shown in Fig. 3-11b was used to fit the Nyquist impedance spectra of 
Electrode-1. In this circuit, the electrolyte resistance is so small that it was ignored. C 
is the capacitance. The charge transfer resistance, Rct, is for the hydrogen oxidation 
reaction (HOR) process. The first branch involves a branch for the adsorption process 
consisting of a constant phase element (CPE) and a resistance Rad. The CPE is used in 
the model in place of a capacitor to compensate for the nonhomogeneity in the system 
[38]. The resistance, Rad, as previously proposed, is for the intermediates adsorption 
process [37, 39, 40]. The second branch consists of a capacitance, C2, and resistance, 
Rmt, for the mass transfer process. Figure 3-11c shows the equivalent circuit for the 
Nyquist impedance spectra of Electrode-2, which is identical to the equivalent circuit 
shown in Fig. 3-11b. 
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Fig. 3-11 (a) Nyquist impedance spectra for the experimental data (symbol) and fitted 
result (line) of the anode reaction (HOR) measured at Electrode-1: Pt/C + 
Nafion-packed PME (modeled after degradation) and Electrode-2: carbon black + 
Nafion-packed Pt electroplated PME (modeled before degradation) at 0.005 V vs. 
RHE and 0.011 V vs. RHE, respectively. The equivalent circuits of 
(b) Electrode-1 and (c) Electrode-2. 
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resistances of the modeled before degradation, the Rct and Rmt of the modeled after 
degradation dramatically increased. However, Rad decreased. Consequently, the total 
reaction resistance (TRR) calculated by (Rct + Rad + Rmt) increased. 
 
Table 3-3 Fitted results of the Nyquist impedance spectra of the anode reaction (HOR) 
measured at Electrode-1: Pt/C + Nafion-packed PME (modeled before degradation) 
and Electrode-2: carbon black + Nafion-packed Pt electroplated PME (modeled after 
degradation) at 0.005 V vs. RHE and 0.011 V vs. RHE, respectively. 
 
 
3.3.2.2.2 EIS results at point 2 
 The EIS measurements of Electrode-1 (modeled before degradation) and 
Electrode-2 (modeled after degradation) were carried out at the potentials of 0.008 
and 0.016 V vs. RHE, respectively. The experimental (symbol) and fitted (line) 
results are shown in Fig. 3-12a. Fig. 3-12b and Fig. 3-12c show the equivalent circuits 
[41] for the Nyquist impedance spectra of Electrode-1 and Electrode-2, respectively. 
The difference in these two equivalent circuits is only the capacitance and CPE. In the 
circuits, C’ is the capacitance. The charge transfer resistance, Rct’, is based on the 
hydrogen oxidation reaction process. The first branch involves a branch for the 
adsorption process consisting of a CPE’ or C’ and an intermediate adsorption 
resistance Rad’. The second branch consists of a capacitance, C’, and resistance, Rmt’, 
for the mass transfer process. 
 
 
 
 
 
 
 
 
 
 
 
Total reaction resistance
(combination of Rct, Rmt, Rad) 2.49 × 10
5 4.17 × 105
Rmt (mass transfer) 8.10 × 102 3.52 × 105
Rad (adsorption) 2.48 × 105 1.81 × 104
R (Ω)
R
Electrode-1
(modeled after degradation)
Electrode-2
(modeled before degradation)
Rct (charge transfer) 4.04 × 102 4.69 × 104
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Fig. 3-12 (a) Nyquist impedance spectra for the experimental data (symbol) and fitted 
result (line) of the anode reaction (HOR) measured at Electrode-1: Pt/C + 
Nafion-packed PME (modeled before degradation) and Electrode-2: carbon black + 
Nafion-packed Pt electroplated PME (modeled after degradation) at 0.008 V 
vs. RHE and 0.016 V vs. RHE, respectively. The equivalent circuits of 
(b) Electrode-1 and (c) Electrode-2. 
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The fitted results of the resistances are listed in Table 3-4. The Rct’ and Rmt’ of the 
modeled after degradation are significantly higher than those of the modeled before 
degradation. However, Rad’ decreased. Consequently, the TRR calculated by (Rct’ + 
Rad’ + Rmt’) increased. 
 
Table 3-4 Fitted results of the Nyquist impedance spectra of the anode reaction (HOR) 
measured at Electrode-1: Pt/C + Nafion-packed PME (modeled before degradation) 
and Electrode-2: carbon black + Nafion-packed Pt electroplated PME (modeled after 
degradation) at 0.008 V vs. RHE and 0.016 V vs. RHE, respectively. 
 
 
3.3.2.2.3 EIS results at point 3 
Figure 3-13a shows the EIS experimental (symbol) results of Electrode-1 and 
Electrode-2, which were carried out at the potentials of 0.028 and 0.026 V vs. RHE, 
respectively. The fitted results (line) shown in Fig. 3-13a were obtained using the 
equivalent circuits, which are displayed in Fig. 3-13b and Fig. 3-13c [37]. These two 
equivalent circuits are substantially the same because their difference is only based on 
the capacitance and CPE. In the circuits, C’’ is the capacitance. Rct’’ is the charge 
transfer resistance for the hydrogen oxidation reaction process. The first branch 
involves a branch for the adsorption process consisting of a CPE’’ or C’’ and an 
intermediate adsorption resistance, Rad’’. The second branch consists of a capacitance, 
CPE’’, and resistance, Rmt’’, for the mass transfer process. 
 
 
 
 
 
 
 
 
 
 
 
 
Total reaction resistance
(combination of Rct’, Rmt’, Rad’) 2.77 × 10
5 3.67 × 105
Rmt' (mass transfer) 7.40 × 102 2.98 × 105
Rad' (adsorption) 2.76 × 105 4.18 × 104
R (Ω)
R
Electrode-1
(modeled after degradation)
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Rct' (charge transfer) 4.88 × 102 2.74 × 104
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Fig. 3-13 (a) Nyquist impedance spectra for the experimental data (symbol) and fitted 
result (line) of the anode reaction (HOR) measured at Electrode-1: Pt/C + 
Nafion-packed PME (modeled before degradation) and Electrode-2: carbon black + 
Nafion-packed Pt electroplated PME (modeled after degradation) at 0.028 V vs. RHE 
and 0.026 V vs. RHE, respectively. The equivalent circuits of (b) Electrode-1 and (c) 
Electrode-2. 
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 Table 3-5 shows the fitted results of the resistances. Compared to the resistances 
of the modeled before degradation, the Rct’’ and Rmt’’ of the modeled after 
degradation dramatically increased. However, a decrease of Rad’’ was observed. 
Consequently, the TRR calculated by (Rct’’ + Rad’’ + Rmt’’) decreased. Although the 
TRR of the modeled after degradation decreased, the increased charge transfer 
resistance and mass transfer resistance indicated that the reaction rate of the modeled 
after degradation electrode structure is slower than that of the modeled before 
degradation electrode structure. 
 
Table 3-5 Fitted results of the Nyquist impedance spectra of the anode reaction (HOR) 
measured by Electrode-1: Pt/C + Nafion-packed PME (modeled before degradation) 
and Electrode-2: carbon black + Nafion-packed Pt electroplated PME (modeled after 
degradation) at 0.028 V vs. RHE and 0.026 V vs. RHE, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Total reaction resistance
(combination of Rct’’, Rmt’’, Rad’’) 1.35 × 10
6 8.48 × 105
Rmt’’ (mass transfer) 7.05 × 102 3.95 × 104
Rad’’ (adsorption) 1.35 × 106 7.33 × 105
R (Ω)
R
Electrode-1
(modeled after degradation)
Electrode-2
(modeled before degradation)
Rct’’ (charge transfer) 6.52 × 102 7.58 × 104
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3.3.2.3 Discussion of the EIS results for anode reaction (HOR) 
In Fig. 3-14, the Pt/C + Nafion-packed PME was modeled as the electrode 
structure before degradation, and the carbon black + Nafion-packed Pt electroplated 
PME was modeled as the electrode structure after degradation. In the microcavity of 
Electrode-1, Pt particles are distributed throughout the carbon support and the H+ can 
easily diffuse to the surface of the Pt particles. However, in the microcavity of 
Electrode-2, Pt was electroplated on the surface of the gold wire. As is mentioned 
before, for Electrode-2, the ESA of Pt is much lower than that of Electrode-1. Thus, a 
higher charge transfer resistance for Electrode-2 was obtained. On the other hand, in 
the microcavity of Electrode-2, the mass transport is more difficult due to the long 
distance the H+ must diffuse through. Hence, for Electrode-2, a higher mass transfer 
resistance was observed. In the other words, both the charge transfer and mass 
transfer resistances of the modeled electrode structure after degradation are higher 
than those of the modeled electrode structure before degradation. Finally, a lower 
adsorption resistance of Electrode-2 was obtained, indicating the adsorption site of the 
intermediates, i.e., the ESA of Pt of the modeled electrode structure after degradation 
is lower than that of the modeled electrode structure before degradation, reflecting a 
higher charge transfer resistance of Electrode-2. 
 
Fig. 3-14 Schematic figures of Electrode-1: Pt/C + Nafion-packed PME (modeled 
before degradation) and Electrode-2: carbon black + Nafion-packed Pt electroplated 
PME (modeled after degradation). 
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3.3.2.4 EIS measurements for cathode reaction (ORR) 
 The ORR measurements of Electrode-1 and Electrode-2 were carried out in the 
H2-saturated 0.5 mol dm-3 H2SO4 at the sweep rate of 1 mV s-1. These results are 
shown in Fig. 3-15. The ORR voltammogram of Electrode-2 shows a negative onset 
potential and a lower diffusion-limited current than that of Electrode-1, which means 
the ORR activity of Electrode-2 is lower than that of Electroce-1. It is considered to 
be due to the decrease in the Pt electrochemical surface area of the modeled after 
degradation electrode. In the ORR voltammograms, the characteristic potentials are 
defined as follow: the potential of charge transfer control (point 1), the potential of 
mixed control by the charge transfer and diffusion (point 2), and the potential of the 
diffusion control (point 3) [36]. Next the EIS measurements were carried out under 
these points. 
 
Fig. 3-15 Oxygen reduction reaction voltammograms of Electrode-1: Pt/C + 
Nafion-packed PME (solid line) and Electrode-2: carbon black + Nafion-packed Pt 
electroplated PME (dotted line) in O2-saturated 0.5 mol dm-3 H2SO4.  
Sweep rate: 1 mV s-1. 
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3.3.2.4.1 EIS results at point 1 
 Figure 3-16 shows the EIS results of Electrode-1 (modeled before degradation) 
and Electrode-2 (modeled after degradation). The EIS measurements of Electrode-1 
and Electrode-2 were carried out at the potentials of 0.99 and 0.97 V vs. RHE, 
respectively (charge transfer control region). A semicircle is observed on the Nyquist 
impedance spectra of Electrode-2. However, in the case of Electrode-1, the absence of 
a well-defined semicircle is noted. And a linear section is observed at lower 
frequencies. The linear section is due to a semi-infinite Warburg impedance – caused 
by a mass transport limitation of reactant species [42]. Generally speaking, charge 
transfer controlling is near to the open circuit potential (OCP) and appears in the high 
frequency region. Therefore, this phenomenon shown in Fig. 3-16 is not a typical EIS 
behavior. And it could be explained as follows. At OCP, the Nafion in the 
microcavity holds less water because the solution is very difficult to flow into the 
microcavity. Therefore, the Nafion is not completely hydrated. It is well documented 
that the lower the water content of the Nafion, the lower is its permeability to O2 [43], 
i.e., the higher mass transfer resistance. It masked the charge transfer semicircle in the 
high frequency region. On the other hand, why the Warburg impedance does not 
appear on Electrode-2? In the case of Electrode-1, O2 must transfer through the 
Nafion, then reaches the Pt site (reaction site), because Pt particles  are wreathed by 
the Nafion. While, in the case of Electrode-2, the reaction site Pt is electroplated on 
the surface of Au. Thus, O2 can directly diffuse to the Pt site. That’s why the Warburg 
impedance does not appear on Electrode-2. 
	  
Fig. 3-16 Nyquist impedance spectra for the experimental data of the cathode reaction 
(ORR) measured at Electrode-1: Pt/C + Nafion-packed PME (modeled before 
degradation) and Electrode-2: carbon black + Nafion-packed Pt electroplated PME 
(modeled after degradation) at 0.99 V vs. RHE and 0.97 V vs. RHE, respectively. 	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3.3.2.4.2 EIS results at point 2 
 Figure 3-17a shows the EIS experimental (symbol) and fitted (line) results of 
Electrode-1 (modeled before degradation) and Electrode-2 (modeled after 
degradation). The EIS measurements of Electrode-1 and Electrode-2 were carried out 
at the potentials of 0.93 and 0.9 V vs. RHE, respectively. The Warburg impedance 
disappeared because under high polarization, water is produced at the Pt and Nafion 
interface at a higher rate and adsorbed by the Nafion [42]. 
 
Fig. 3-17 (a) Nyquist impedance spectra for the experimental data (symbol) and fitted 
result (line) of the cathode reaction (ORR) measured at Electrode-1: Pt/C + 
Nafion-packed PME (modeled before degradation) and Electrode-2: carbon black + 
Nafion-packed Pt electroplated PME (modeled after degradation) at 0.93 V vs. RHE 
and 0.90 V vs. RHE, respectively. (b) The equivalent circuits of Electrode-1 and 
Electrode-2. 	  
 The kinetics of charge transfer, mass transfer and adsorption resistances were 
quantitatively analyzed by the equivalent circuits which are shown in Fig. 3-17b [37]. 
The equivalent circuit shown in Fig. 3-17b was used to fit the Nyquist impedance 
spectra of Electrode-1 and Electrode-2. In this circuit, the electrolyte resistance is so 
small that it was ignored. C is the capacitance. The charge transfer resistance, Rct’’’, is 
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for the ORR process. The first branch involves a branch for the adsorption process 
consisting of a CPE and a resistance Rad’’’. The CPE is used in the model in place of a 
capacitor to compensate for the nonhomogeneity in the system [38]. The resistance, 
Rad’’’, as previously proposed, is for the intermediates adsorption process [37, 39, 40]. 
The second branch consists of a capacitance, C2’’’, and resistance, Rmt’’’, for the mass 
transfer process.	  	  
Table 3-6 Fitted results of the Nyquist impedance spectra of the cathode reaction 
(ORR) measured by Electrode-1: Pt/C + Nafion-packed PME (modeled before 
degradation) and Electrode-2: carbon black + Nafion-packed Pt electroplated PME 
(modeled after degradation) at 0.93 V vs. RHE and 0.90 V vs. RHE, respectively. 
	  	  
 Table 3-6 shows the fitted results of the resistances. Compared to the resistances 
of the modeled before degradation, the Rct’’’ and Rmt’’’ of the modeled after 
degradation dramatically increased. However, a decrease of Rad’’ was observed. 
Consequently, the TRR calculated by (Rct’’’ + Rad’’’ + Rmt’’’) increased.  	  
3.3.2.4.3 EIS results at point 3 
Figure 3-18a shows the EIS experimental (symbol) results of Electrode-1 and 
Electrode-2, which were carried out at the potentials of 0.83 V vs. RHE. The fitted 
results (line) shown in Fig. 3-18a were obtained using the equivalent circuits, which 
are displayed in Fig. 3-18b [37]. In the circuits, C’’’’ is the capacitance. Rct’’’’ is the 
charge transfer resistance for the ORR process. The first branch involves a branch for 
the adsorption process consisting of a C’’’’ and an intermediate adsorption resistance, 
Rad’’’’. The second branch consists of a capacitance, CPE’’’’, and resistance, Rmt’’’’, 
for the mass transfer process. 	  	  	  	  	  	  	  
Total reaction resistance
(combination of Rct''', Rmt''', Rad''')
1.56 × 106 2.30 × 106
Rmt''' (mass transfer) 7.54 × 102 1.06 × 106
Rad''' (adsorption) 1.56 × 106 1.21 × 106
R (Ω)
R
Electrode-1
(modeled after degradation)
Electrode-2
(modeled before degradation)
Rct''' (charge transfer) 1.54 × 103 2.64 × 104
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Fig. 3-18 (a) Nyquist impedance spectra for the experimental data (symbol) and fitted 
result (line) of the cathode reaction (ORR) measured at Electrode-1: Pt/C + 
Nafion-packed PME (modeled before degradation) and Electrode-2: carbon black + 
Nafion-packed Pt electroplated PME (modeled after degradation) at 0.83 V vs. RHE. 
(b) The equivalent circuits of Electrode-1 and Electrode-2. 	  
The fitted results of the resistances are listed in Table 3-7. Compared to the 
resistances of the modeled before degradation, the Rct’’’’ and Rmt’’’’ of the modeled 
after degradation dramatically increased. However, a decrease of Rad’’ was observed. 
Consequently, the TRR calculated by (Rct’’’’ + Rad’’’’ + Rmt’’’’) decreased. Although 
the TRR of the modeled after degradation decreased, the increased charge transfer 
resistance and mass transfer resistance indicated that the reaction rate of the modeled 
after degradation electrode structure is slower than that of the modeled before 
degradation electrode structure. 	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Table 3-7 Fitted results of the Nyquist impedance spectra of the cathode reaction 
(ORR) measured by Electrode-1: Pt/C + Nafion-packed PME (modeled before 
degradation) and Electrode-2: carbon black + Nafion-packed Pt electroplated PME 
(modeled after degradation) at 0.83 V vs. RHE. 
	  	  
3.3.2.5 Discussion of the EIS results for cathode (ORR) 
The Warburg impedance appeared on the Electrode-1 in the charge transfer 
region due to the Nafion in the microcavity holds less water. In the future, it is 
considered to decrease the depth of the microcavity to avoid this phenomenon. For 
point 2 and 3, under high polarization, water is produced at the Pt and Nafion 
interface at a higher rate and adsorbed by the Nafion. Therefore, the Warburg 
impedance disappeared. Then let’s see the Fig. 3-14 again, in the microcavity of 
Electrode-1, Pt particles are distributed throughout the carbon support and the O2 can 
easily diffuse to the surface of the Pt particles. However, in the microcavity of 
Electrode-2, Pt was electroplated on the surface of the gold wire. As is mentioned 
before, for Electrode-2, the ESA of Pt is much lower than that of Electrode-1. Thus, a 
higher charge transfer resistance for Electrode-2 was obtained. On the other hand, in 
the microcavity of Electrode-2, the mass transport is more difficult due to the long 
distance the O2 must diffuse through. Hence, for Electrode-2, a higher mass transfer 
resistance was observed. In the other words, both the charge transfer and mass 
transfer resistances of the modeled electrode structure after degradation are higher 
than those of the modeled electrode structure before degradation. Finally, a lower 
adsorption resistance of Electrode-2 was obtained, indicating the adsorption site of the 
intermediates, i.e., the ESA of Pt of the modeled electrode structure after degradation 
is lower than that of the modeled electrode structure before degradation, reflecting a 
higher charge transfer resistance of Electrode-2. 
 
 
 
 
 
 
 
Total reaction resistance
(combination of Rct'''', Rmt'''', Rad'''')
6.50 × 106 4.65 × 106
Rmt'''' (mass transfer) 2.61 × 104 5.18 × 104
Rad'''' (adsorption) 6.47 × 106 3.62 × 106
R (Ω)
R
Electrode-1
(modeled after degradation)
Electrode-2
(modeled before degradation)
Rct'''' (charge transfer) 8.01 × 102 9.74 × 105
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3.3.3 Comparison of the EIS results obtained by PEFC single cell and 
modeled electrode 
 The EIS results of the modeled electrode on point 2 are used to compare with the 
EIS results of PEFC single cell. Because both of them were measured in the region of 
mixed control by the charge transfer and diffusion. Table 3-8 shows the EIS fitted 
results of PEFC single cell and modeled electrode for anode reaction (HOR). Table 
3-9 shows the EIS fitted results of PEFC single cell and modeled electrode for anode 
cathode reaction (ORR). In the case of PEFC single cell, both of the anode and 
cathode reaction, after degradation, the charge transfer and mass transfer resistance 
increased, the adsorption resistance decreased. In the case of modeled electrode, the 
same behavior is observed. It indicates that the modeled electrode is very effective to 
investigate the degradation behavior of the PEFC. 
According to the Table 3-8, Fig. 3-19 was plotted. The variation of Rmt and Rct 
before and after degradation was shown in the Fig. 3-19(a) (PEFC single cell) and Fig. 
3-19(b) (modeled electrode). Due to Rmt and Rct directly relate to the degradation, I 
concentrate on them and calculate degradation degree (V), on the anode. The 
degradation degree was calculated using the resistance variation of PEFC single cell 
divides the resistance variation of modeled electrode, according to the equation 3-2 
(Rmt degradation degree) and 3-3 (Rct degradation degree). Thus, the Vmt and Vct on the 
anode were calculated as 1.93% and 7.02%, respectively. In the same manner, 
according to the Table 3-9, Fig. 3-20 was plotted. The variation of Rmt and Rct before 
and after degradation was shown in the Fig. 3-20(a) (PEFC single cell) and Fig. 
3-20(b) (modeled electrode). The Vmt and Vct on the cathode were calculated as 0.08% 
and 6.73%, respectively. 
 
Vmt = Rmt(after) / Rmt(before)(PEFC)Rmt(after) / Rmt(before)(PME)        (3-2) 
Vct = Rct(after) / Rct(before)(PEFC)Rct(after) / Rct(before)(PME)          (3-3) 
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Fig. 3-19 the variation of Rmt and Rct of the anode before and after degradation (a) 
PEFC single cell (b) Pt/C + Nafion-packed PME (modeled before degradation) and 
carbon black + Nafion-packed Pt electroplated PME (modeled after degradation). 
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Fig. 3-20 the variation of Rmt and Rct of the cathode before and after degradation (a) 
PEFC single cell (b) Pt/C + Nafion-packed PME (modeled before degradation) and 
carbon black + Nafion-packed Pt electroplated PME (modeled after degradation). 
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3.4 Conclusions 
In this chapter, PME was used to model the electrode structure before 
degradation by filling the powder mixture of the commercial Pt/C catalyst and Nafion 
in the microcavity (Electrode-1). On the other hand, as a representative of the 
electrode structure after degradation, the Pt electroplated PME by filling the 
microcavity with the powder mixture of the carbon black and Nafion (Electrode-2) 
was developed. The electrode degradation behavior was investigated by the modeled 
electrode and PEFC single cell using the EIS. 
In the case of PEFC single cell, the EIS spectra at the anode and cathode were 
independently measured before and after the degradation procedure of the potential 
cycling. For the anode, the charge transfer and mass transfer resistances significantly 
increased after the degradation procedure, indicating that a significant degradation 
had occurred. However, for the cathode, it was demonstrated that a slight degradation 
occurred because the charge transfer and mass transfer resistances slightly increased 
after the degradation procedure. The increase in the charge transfer resistance is 
attributed to the decrease in the Pt surface area due to the fact that the Pt particles 
aggregate, diffuse, dissolve and grow larger. The increased mass transfer resistance is 
attributed to the ionomer degradation. Furthermore, the increase in the membrane 
resistance and the decrease in the adsorption resistance were also observed after the 
degradation procedure. 
 In the case of modeled electrode, both of the HOR and ORR activities of  
Electrode-1 are higher than those of Electrode-2. The EIS measurements for HOR and 
ORR were measured in the region of charge transfer control, diffusion control and 
mixed control by charge transfer and diffusion, respectively. Except the EIS results of 
point 1 on the ORR, the other EIS results showed the same behavior. The charge 
transfer resistance of Electrode-2 is significantly higher than that of the Electrode-1, 
suggesting a suppression of the reaction rate due to the decrease in the ESA of Pt, 
which was confirmed by the background CVs. On the other hand, the mass transfer 
resistance of the Electrode-2 is much higher than that of the Electrode-1. Furthermore, 
a decreased adsorption resistance was obtained on Electrode-2, indicating the 
adsorption site of the intermediates, i.e., the ESA of Pt of Electrode-2 is lower than 
that of Electrode-2.  
 From the results of EIS, the same degradation behavior of PEFC single cell and 
modeled electrode is observed. It indicates that the modeled electrode is very effective 
to investigate the degradation behavior of the PEFC. 
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Chapter 4 Investigation of reaction selectivity at 
various Pt/C electrocatalysts packed porous 
microelectrode in the presence of methanol and 
oxygen 
4.1 Background 
 A direct methanol fuel cell (DMFC) equipped with a membrane electrode 
assembly (MEA) have been strongly expected as future power sources for portable 
electronic devices, because of its strong advantages of high energy density and 
portability of fuels [1–5]. The liquid methanol fuel can be used and stored under 
atmospheric pressure different from that of the hydrogen gas as a fuel for the polymer 
electrolyte fuel cell (PEFC) which is required to be stored under high-pressure 
conditions. In addition, the DMFC does not require a reformer subsystem which is 
necessary to reform from alcohol to hydrogen when alcohol is used as the fuel for the 
PEFC. Therefore, the DMFC system can be smaller and lighter than the PEFC.  
 The practical utilization of the DMFC is considered to be difficult because of a 
problem based on the methanol crossover [1–4]. This phenomenon means that the 
methanol fuel permeates from an anode side to the cathode side through the 
electrolyte membrane. Moreover, in our previous study, we found that an oxygen 
crossleak also occurs in addition to the methanol crossover [6]. At the cathode, the 
oxygen reduction performance decreases due to the methanol crossover. At the anode, 
the methanol oxidation performance decreases due to the oxygen crossleak. Because 
the Pt used as an electrocatalyst has a high activity for the methanol oxidation 
reaction as well as the oxygen reduction reaction, the cell performance of the DMFC 
decreases [7,8]. In fact, the coexistence of methanol and oxygen at the anode and 
cathode causes a mixed potential, which suppresses the power generation.  
 To develop an electrocatalyst which has a reaction selectivity is important for 
these simultaneous methanol oxidation and oxygen reduction reactions. The oxygen 
reduction selectivity of a few materials has been reported, such as RuxSey, Mo4Ru2Se8, 
Mo4xRuySz, Mo4xRhySz, Pt0.7Cr0.3/C, FePc/C, Pt–Fe/SWNT etc. [9–13]. For the anode, 
there is no reported selective reaction material to the best of our knowledge. We have 
previously investigated the selectivity of the methanol oxidation reaction and the 
oxygen reduction reaction using a commercial Pt/C electrocatalyst [14]. In a mixed 
solution of methanol and oxygen, it has been found that there are two cases of having 
an oxygen reduction selectivity and methanol oxidation selectivity at the Pt/C using a 
porous microelectrode (PME) technique. This PME technique enables the powder 
electrocatalyst to be directly evaluated without any binder resin [15,16]. However, it 
is not yet clear the factor controlling the reaction selectivity.  
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 In this study, the reaction selectivity in the presence of methanol and oxygen was 
investigated using seven types of commercial Pt/C electrocatalysts in order to 
characterize the catalyst property. First, the Pt/C electrocatalysts were analyzed by 
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). Next, 
electrochemical measurements were independently carried out for the oxygen 
reduction reaction and methanol oxidation reaction at Pt/C filled in the PME. Finally, 
a voltammogram was obtained in the presence of methanol and oxygen. As a result, it 
was found that some Pt/Cs have an oxygen reduction selectivity and some Pt/Cs have 
a methanol oxidation selectivity. In addition, the regression analysis is a statistical 
process for estimating the relationships among variables. It can help us to understand 
how the dependent variable changes when any one of the independent variables is 
varied [17]. Finally, the controlling factors in the ORR and MOR selectivity were 
explored by multiple regression analysis. 
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4.2 Experimental 
4.2.1. Characterization of powder electrocatalysts 
 The seven Pt/C (a)–(g) (C: Ketjen black) materials used as electrocatalysts were 
provided by Tanaka Kikinzoku Kogyo Co., Ltd. The Pt loading amount was 10–50 wt% 
(see Table 4-1). The structural properties and the Pt electronic states of the Pt/C 
catalysts were characterized by XRD (XD-D1, Shimadzu) and XPS (JPS-9010TR, 
JEOL Ltd.), respectively. The details have been explained in chapter 2. 
 
4.2.2. Electrochemical measurements 
 A PME with a depth of 10 µm microcavity was prepared (see 2.3 of chapter 2). 
For the electrochemical measurement, a classical three-electrode cell was used and a 
Pt wire and Ag/Ag2SO4 [18,19] were used as the counter and reference electrodes, 
respectively. The filled Pt/C powder PME was used as the working electrode. All 
electrode potentials in this report are referenced to the reversible hydrogen electrode 
potential (RHE) at the same temperature. Moreover, the obtained currents are 
normalized by the electrochemical surface area (ESA) of Pt in the working electrode 
unless otherwise stated. Prior to the measurements, the working electrode was 
electrochemically cleaned in an Ar-saturated 0.5 mol dm-3 H2SO4 aqueous solution by 
successive potential cycles for 1 h between 0.05 and 1.2 V vs. RHE at the sweep rate 
of 50 mV s-1.  
 Prior to the measurements, a background cyclic voltammogram, used to estimate 
the ESA of Pt, was measured in an Ar-saturated 0.5 mol dm-3 H2SO4 solution using 
the electrochemically-cleaned working electrode. The sweep rate was set at 10 mV s-1. 
From the obtained voltammogram, the ESA was calculated using the following 
equation [20]:  
 
ESA = QAve/210    (4-1) 
 
where QAve is the coulomb charge associated with the H adsorption/desorption (µC) 
and 210 is the coulomb charge of the H adsorption/desorption per unit area of Pt (µC 
cm-2).  
 Subsequently, the methanol oxidation voltammograms were measured by 
performing a positive-direction sweep of the working potential from the rest potential 
using an Ar-saturated 1 mol dm-3 CH3OH + 0.5 mol dm-3 H2SO4 solution. The O2 
reduction voltammograms were measured by performing a negative-direction sweep 
of the working potential from the rest potential using an O2-saturated 0.5 mol dm-3 
H2SO4 solution. The voltammograms were measured by performing a positive and 
negative-direction sweep of the working potential from the rest potential in the 
presence of both methanol and oxygen using an O2-saturated 1 mol dm-3 CH3OH + 
0.5 mol dm-3 H2SO4 solution. The sweep rate of the above-mentioned electrochemical 
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measurement was set at 10 mV s-1. All the electrochemical measurements were 
conducted at room temperature.  
 
4.2.3. Multiple regression analysis 
 The controlling factors in the MOR, ORR and the selectivity in the presence of 
methanol and oxygen were tried investigated by multiple regression analysis using the 
software of Excel (Office 2007). The detail will be explained later. 
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4.3 Results and discussion 
4.3.1 Characterization of Pt/C electrocatalysts 
 The seven types of Pt/C electrocatalyst were characterized by XRD in order to 
estimate the Pt crystallite size. The obtained diffraction patterns are shown in Fig. 4-1. 
It was found that almost all the Pt/C catalysts have a low crystallinity except of Pt/C 
(g). The crystallite size was calculated from the peak of Pt (111) at 39 degrees using 
Scherrer’s equation (chapter 2, Eq. 2-1), and summarized in Table 4-1. The Pt 
crystallite size of Pt/C (a) is the smallest and that of Pt/C (g) is the largest of the seven 
types of Pt/C catalysts. Moreover, the crystallinity of Pt/C (a)–(g) was confirmed by 
the TEM as well (see Appendix A). It has a good agreement with that of XRD results. 
 
 
Fig. 4-1 XRD patterns of Pt/C (a)–(g). 
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 XPS measurements were carried out to estimate the electronic state of the Pt. 
These results are shown in Fig. 4-2. The binding energy of Pt is shown in Table 4-1 
based on the spectra in Fig. 4-2. The Pt 4f7/2 energy of Pt/C (e)–(g) shifts within 0.1 
eV of 71.2 eV (Pt metal state). The chemical shift of Pt/C (e)–(g) is less than 0.1 eV 
and small. The Pt binding energy of the other Pt/Cs shifts toward the high energy 
direction. The commercial Pt/Cs showed a high chemical shift that was reported 
elsewhere [21].  
 
Fig. 4-2 XPS spectra of Pt/C (a)–(g). 
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 Next, the background cyclic voltammograms of Pt/C (a)–(g) were measured 
using the PME having the same volume cavity in an Ar-saturated 0.5 mol dm-3 H2SO4 
solution and shown in Fig. 4-3. The shapes of Pt/C (d)–(g) are identical to the typical 
cyclic voltammogram of Pt [22]. On the other hand, the shape of Pt/C (a)–(c) is 
somewhat different from the typical voltammogram, and the voltammograms of Pt/C 
(a)–(c) have small peaks of H adsorption/desorption at 0.05–0.3 V vs. RHE. 
 
Fig. 4-3 The background cyclic voltammograms of Pt/C (a)–(c) (upper) and Pt/C (d)–
(g) (bottom) in an Ar-saturated 0.5 mol dm-3 H2SO4 solution. Scan rate: 10mVs-1. 
 
 The ESA of the Pt/C catalysts were calculated using Eq. (3-1) and summarized in 
Table 4-1. Pt/C (d)–(g) have the same Pt loading amount of 50 wt%, but the Pt 
crystallite size and ESA are different. The current densities of the methanol oxidation 
and oxygen reduction reactions were normalized using the calculated ESA. 
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4.3.2 Comparison of current densities of oxygen reduction reaction and 
methanol oxidation reaction 
 The oxygen reduction reaction was first carried out in an O2-saturated 0.5 mol 
dm-3 H2SO4 solution. The voltammograms of the oxygen reduction reaction are shown 
in Fig. 4-4. The current density was normalized using the ESA listed in Table 4-1. In 
this figure, the voltammogram of Pt/C (a) shows the highest magnitude of the 
diffusion-limited current density of the seven types of Pt/Cs. When we compare the 
current density at 0.80V vs. RHE, where the electron transfer process is the 
rate-determining step, the oxygen reduction current density is in the following order: 
Pt/C (a) ≈ Pt/C (b) > Pt/C (c) >> Pt/C (g) > Pt/C (d) > Pt/C (f) > Pt/C (e) (see Table 
4-2). 
 
Fig. 4-4 The voltammograms of Pt/C (a)–(g) in an O2-saturated 0.5 mol dm-3 H2SO4 
solution. Scan rate: 1 mV s-1. 
 
 For the methanol oxidation reaction, Fig. 4-5 shows the voltammograms 
measured in an Ar-saturated 1 mol dm-3 CH3OH + 0.5 mol dm-3 H2SO4 solution. 
From this figure, it was determined that the current densities of Pt/C (d), (e), (f), and 
(g) are higher than that of Pt/C (a), (b), and (c) in the entire potential region. By 
comparing the methanol oxidation current density at 0.65V vs. RHE, the methanol 
oxidation current density is in the following order: Pt/C (f) > Pt/C (e) > Pt/C (g) > 
Pt/C (d) >> Pt/C (c) > Pt/C (b) > Pt/C (a). The tendency of this order is almost the 
inverse of the oxidation reduction current density.  
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Fig. 4-5 The voltammograms of Pt/C (a)–(g) in an Ar-saturated 1 mol dm-3 CH3OH + 
0.5 mol dm-3 H2SO4 solution. Scan rate: 10 mV s-1. 
 
Table 4-2 The current densities of oxygen reduction reaction and methanol oxidation 
reaction. 
 
a Obtained from the data of Fig. 4-4. 
b Obtained from the data of Fig. 4-5. 
c Obtained from the data of Fig. 4-6. 
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4.3.3 Reaction selectivity in the presence of methanol and oxygen 
 Next, the voltammograms were measured in an O2-saturated 1 mol dm-3 CH3OH 
+ 0.5 mol dm-3 H2SO4 solution. These results are shown in Fig. 4-6. The 
voltammograms of Pt/C (e) and (f) show higher oxidation current densities at > 0.5 V 
vs. RHE, and the voltammograms of Pt/C (a) and (b) show higher reduction current 
densities at < 0.8 V vs. RHE. These results suggest that Pt/C (e) and (f) have 
selectivity for the methanol oxidation reaction and Pt/C (a) and (b) have selectivity for 
the oxygen reduction reaction in the solution containing methanol and oxygen.  
 
Fig. 4-6 The voltammograms of Pt/C (a)–(g) in an O2-saturated 1 mol dm-3 CH3OH + 
0.5 mol dm-3 H2SO4 solution. Scan rate: 10 mV s-1. 
 
 The rest potentials evaluated from Fig. 4-6 and onset potentials obtained from 
Figs. 4-4 and 4-5 are summarized in Table 4-3. For the onset potential of the oxygen 
reduction reaction (Fig. 4-4), Pt/C (a), (b), and (g) are the most positive of the seven 
types of Pt/Cs. For the onset potential of the methanol oxidation reaction (Fig. 4-5), 
the Pt/C (e) is the most negative and the Pt/C (g) follows. Regarding the rest potential 
in the presence of methanol and oxygen (Fig. 4-6), Pt/C (a) and (b) are the most 
positive and Pt/C (d)–(f) are the most negative. The rest potential of Pt/C (g) is almost 
the same as that of Pt plate electrode (0.65 V vs. RHE) [14]. Pt/C (g) shows a high 
oxygen reduction activity, but the rest potential of Pt/C (g) is not classified in the 
above two groups. This supports the fact that Pt/C (g) has electrocatalytic activity for 
both MOR and ORR like the Pt plate electrode in the presence of methanol and 
oxygen. Only Pt/C (g) underwent a heat treatment during the catalyst preparation 
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process, resulting in a particle growth of the Pt. This result also can be explained by 
the XRD and XPS data.  
 
Table 4-3 The onset potentials of the oxygen reduction reaction and the methanol 
oxidation reaction, and the rest potential in the presence of methanol and oxygen. 
 
a Obtained from the data of Fig. 4-4. 
b Obtained from the data of Fig. 4-5. 
c Obtained from the data of Fig. 4-6. 
 
4.3.4 Controlling factor of reaction selectivity in the presence of 
methanol and oxygen  
 To consider the controlling factor of the reaction selectivity, the rest potential 
data in Table 4-3 are classified into two groups, except for Pt/C (g). As mentioned 
above, Pt/C (g) has electrocatalytic activity for both MOR and ORR in the presence of 
methanol and oxygen. The rest potentials of Pt/C (a), (b), and (c) are more positive 
than those of Pt/C (d)–(f). By comparing the background cyclic voltammograms seen 
in Fig. 4-3, Pt/C(d)–(f) clearly show the peaks of the H adsorption/desorption in the 
potential range of 0.05–0.3 V vs. RHE, and the peaks of Pt/C (a)–(c) are quite small. 
It is postulated that the Pt/C of more than 2 nm Pt has a methanol oxidation selectivity, 
the Pt/C with less than 2 nm Pt, high percentage of the edge-atom in Pt particle [23], 
and low ESA has an oxygen reduction selectivity, and the Pt/C with metallic Pt has 
electrocatalytic activity for both MOR and ORR. 
In Fig. 4-3, the peak of the background CV around 0.9 V vs. RHE means the 
oxidation of Pt, i.e. PtOH is generated. The Pt oxidation peaks of Pt/C (d)–(g) are 
more attractive than those of Pt/C (a)–(c), indicating that OH is more difficult to 
desorb from the surface of Pt/C (d)–(g). Furthermore, in Fig. 4-4, Pt/C (d)–(g), which 
has higher Pt loading, shows lower diffusion limited current density. However, Pt/C 
(a)–(c), which has lower Pt loading, shows higher diffusion limited current density. It 
indicates that OH is more difficult to desorb from the surface of Pt/C (d)–(g) than that 
of Pt/C (a)–(c). Due to this property, OH can adsorb on and desorb from Pt/C (a)–(c) 
for many times to promote the ORR (PtOH is the intermediate of ORR, 1.2.4 of 
chapter 1). However, in the case of Pt/C (d)–(g), OH is difficult to desorb from the 
Rest potential vs. RHE (V)
Oxygen reduction
reactiona
Methanol oxidation
reactionb
In the presence of
methanol oxygenc
Pt/C (a) 1.179 0.473 0.807
Pt/C (b) 1.179 0.448 0.798
Pt/C (c) 1.168 0.363 0.723
Pt/C (d) 1.151 0.358 0.525
Pt/C (e) 1.167 0.258 0.525
Pt/C (f) 1.163 0.348 0.507
Pt/C (g) 1.177 0.327 0.625
Catalyst
Onset potential vs. RHE (V)
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surface of Pt, suppressing the ORR activity. As I mentioned in 1.3.2 of chapter 1, 
complete MOR takes place via two processes occurring in separate potential regions: 
the first process, adsorption of methanol molecules, requires several neighboring 
places at the surface occurs near 0.2 V vs. RHE, and CO is generated due to the 
dehydrogenation;  
 
 
the second process, at potentials of 0.4-0.45 V vs. RHE, H2O adsorb on the Pt surface 
and OH is generated due to the dehydrogenation. 
 
Thus, CO can react with OH, ensuring the MOR continuously occurs. Now let’s see 
Fig. 4-5, the current density of Pt/C (d)–(g) dramatically increased from 0.4-0.45 V vs. 
RHE, i.e. CO can react with OH once OH generated, indicating that CO can easily 
desorb from the Pt surface. However, the current density of Pt/C (a)–(c) increased 
from 0.5-0.55 V vs. RHE, indicating that CO is difficult to desorb from the Pt surface. 
Thus, we can conclude that, in the presence of methanol and oxygen (Fig. 4-6), Pt/C 
(a)–(c), from which OH is easy and CO is difficult to desorb, shows the ORR 
selectivity; Pt/C (d)–(f), from which OH is difficult and CO is easy to desorb, shows 
the MOR selectivity. Pt/C (g) is close to the condition of metal Pt, showing no 
selectivity. 
We next considered the magnitude of the current density in the presence of 
methanol and oxygen as listed in Table 4-2. Fig. 4-7 shows a plot using the current 
density in the presence of methanol and oxygen (Fig. 4-6) and the Pt 4f binding 
energy shift from Fig. 4-2 based on the previous studies [21,24]. Based on this figure, 
it was found that the current densities of Pt/C (d)–(f) decrease with the increasing Pt 
binding energy shift. As for Pt/C (a)–(c), the current densities increase with the 
increasing energy shift. As already mentioned, the reaction selectivity depends on the 
Pt crystallite structure. As for the current density, it depends on the Pt electronic state.  
 
CH3OH HH C
O
HH0.2 V vs. RHE
OH2 H OH
0.0.45 V 
vs. RHE
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Fig. 4-7 Current density at 0.65 V vs. RHE of Pt/C (a)–(g) in the presence of 
methanol and oxygen vs. Pt 4f7/2 binding energy shift. Plots are taken  
from the data of Figs. 4-2 and 4-6. 
 
 Next the controlling factors in the MOR, ORR and the selectivity in the presence 
of methanol and oxygen were investigated by multiple regression analysis using the 
software of Excel (Office 2007). The controlling factors we considered are the Pt 
loading amount (x1), Pt particle size (x2), Pt binding energy shift (4f7/2) (x3), Pt 
particle distance (x4), ESA (x5) and the ratio of surface Pt atoms (x6) of the Pt/C 
electrocatalysts. They were employed as the independent variables (see Table 4-4). 
The Pt particle distance was calculated according to the Pt particle size and the 
microcavity volume of the PME. The ratio of surface Pt atoms was obtained using the 
number of Pt atoms on the nano-particle surface divided by the total number of Pt 
atoms of the nano-particle. The structure of the Pt nano-particle was considered to be 
a cubooctahedron. The dependent variables are the current densities listed in Table 
4-2. 
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 Firstly, the multiple linear regression (MLR) model was applied to quantify the 
relationship of the current density of ORR and the controlling factors. The current 
densities of Pt/C (a)–(g) for the ORR at 0.8 V vs. RHE listed in Table 4-2 were 
employed as the dependent variable (y), the Pt loading amount (x1), Pt particle size 
(x2), Pt binding energy shift (4f7/2) (x3), Pt particle distance (x4), ESA (x5) and the 
ratio of surface Pt atoms (x6) were employed as the independent variables (see table 
4-4). The MLR equation that optimizes the model for the relationship and the 
statistics calculated in this analysis is shown below: 
 
y = -162.8 + 2.087x1 – 26.67x2 + 25.51x4               (3-2) 
R2 = 0.9669; P = 0.003597; Px1 = 0.003404; Px2 = 0.008029; Px4 = 0.008267 
 
where R2 is a determination coefficient and P is the significance probability level. R2 
is a real number between zero and one, and a large value indicates a better fitness of 
the model to the data [25]. Regarding Eq. (3-2), the R2 statistic indicates that the 
model explains 96.69% of the variability in the ORR current density at 0.8 V vs. RHE. 
Moreover, the most important variables affecting the current density are the Pt 
loading amount, Pt particle size and Pt particle distance (P < 0.05) [26,27]. According 
to the coefficient, the current density for the ORR at 0.8 V vs. RHE has a positive 
correlation with the Pt loading amount and Pt particle distance but a negative 
correlation with the Pt particle size. In addition, the Pt binding energy shift, ESA and 
the ratio of surface Pt atoms do not appear in Eq. (3-2), which means they have no 
relationship with the ORR current density. 
 Secondly, the MLR model was applied to determine the relationship of the MOR 
activity (current density) and controlling factors. The current densities of Pt/C (a)–(g) 
for MOR at 0.65 V vs. RHE were employed as the dependent variable (y). The 
independent variables are shown in Table 4-4. The equation for MLR is presented as 
follows: 
 
y = -521.0 + 13.17x1 – 127.6x2 – 73.39x3 + 119.1x4           (3-3) 
R2 = 0.9819; P = 0.01205; Px1 = 0.03363; Px2 = 0.1175; Px3 = 0.09367; Px4 = 0.1183 
 
where R2 and P are the same as in Eq. (3-2). Eq. (3-3) explains 98.19% of the 
variability in the MOR current density at 0.65 V vs. RHE. The most important 
variable affecting the MOR current density is the Pt loading amount (P < 0.05) 
[26,27]. It shows a positive correlation with the current density. However, there is no 
significant correlation between the Pt particle size, Pt binding energy shift, Pt particle 
distance and current density (P > 0.05) [26,27]. In addition, ESA and the ratio of 
surface Pt atoms do not appear in Eq. (3-3), which means they have no relationship 
with the current density. 
 Finally, the MLR model was applied to investigate the controlling factors in the 
reaction selectivity. The current densities of Pt/C (a)–(g) at 0.65 V vs. RHE (Table 
4-2, in the presence of methanol and oxygen) were employed as the dependent 
variable (y), while the independent variables are shown in Table 4-4. The equation for 
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MLR is presented as follows: 
 
y = 2230 – 370.3x2 – 229.3x3 + 43.04x4 – 2594x6            (3-4) 
R2 = 0.9624; P = 0.02493; Px2 = 0.02308; Px3 = 0.02783; Px4 = 0.2354; Px6 = 0.01430 
 
where R2 and P are the same as in Eq. (3-2). Eq. (3-4) explains 96.24% of the 
variability in the current density at 0.65 V vs. RHE in the presence of methanol and 
oxygen. According to the P-values, the most important variables affecting the current 
density are the Pt particle size, Pt binding energy shift and the ratio of surface Pt 
atoms (P < 0.05) [26,27]. According to the coefficient, the current density has a 
negative correlation with the Pt particle size, Pt binding energy shift and the ratio of 
surface Pt atoms. In addition, ESA and Pt particle distance do not appear in Eq. (3-4), 
which means they have no relationship with the current density. 
 
Table 4-5. The results of the MLR for oxygen reduction, methanol oxidation and 
reaction selectivity in the presence of methanol and oxygen. 
 
 
 The results of the MLR for oxygen reduction, methanol oxidation and the 
reaction selectivity in the presence of methanol and oxygen are summarized in Table 
4-5. The current density of the ORR at 0.8 V vs. RHE has a positive correlation with 
the Pt loading amount and Pt particle distance but a negative correlation with the Pt 
particle size. For the MOR, the Pt loading amount shows a positive correlation with 
the current density at 0.65 V vs. RHE. Also, there is no significant correlation 
between Pt particle size, Pt binding energy shift, Pt particle distance and current 
density. With regard to the reaction selectivity in the presence of methanol and 
oxygen, the current density at 0.65 V vs. RHE has a negative correlation with the Pt 
particle size, Pt binding energy shift and the ratio of surface Pt atoms. However, it 
shows no significant correlation with the Pt particle distance. Furthermore, although 
the ratio of surface Pt atoms shows no relation with both the ORR and MOR current 
density, it shows a significant negative correlation with the current density in the 
presence of methanol and oxygen. Therefore, it could be considered as a pivotal 
ORR at 0.8 V
vs. RHE
MOR at 0.65
V vs. RHE
methanol + O2
at 0.65 V vs. RHE
Ratio of surface Pt atoms no relation no relation
Pt particle distance 
Electrochemical surface area no relation no relation no relation
Pt particle size 
Pt 4f7/2 Binding energy shift no relation
Controlling factor
Current density / µA cm-2
Pt loading amount no relation
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controlling factor in the reaction selectivity. 
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4.4 Conclusions 
 Seven types of Pt/C electrocatalysts were used to investigate the reaction 
selectivity in the presence of methanol and oxygen using a porous microelectrode. 
The factors controlling the ORR, MOR and the reaction selectivity in the presence of 
methanol and oxygen were discussed. A summary of the results is as follows:  
" For the oxygen reduction reaction, the activities of Pt/C (a)–(c) are much higher 
than those of Pt/C (d)–(g). The current density at 0.8 V vs. RHE has a positive 
correlation with the Pt loading amount and Pt particle distance but a negative 
correlation with the Pt particle size. 
" For the methanol oxidation reaction, the activities of Pt/C (d)–(g) are much 
higher than those of Pt/C (a)–(c). The current density at 0.65 V vs. RHE has a 
positive correlation with the Pt loading amount. 
" For the reaction selectivity in the presence of methanol and oxygen, Pt/C (a)–(c), 
from which OH is easy and CO is difficult to desorb, shows the ORR selectivity; 
Pt/C (d)–(f), from which OH is difficult and CO is easy to desorb, shows the 
MOR selectivity, while the heat treated Pt/C (g) has electrocatalytic activity for 
both of MOR and ORR. The current density at 0.65 V vs. RHE has a negative 
correlation with the Pt particle size, Pt binding energy shift and the ratio of 
surface Pt atoms. The ratio of surface Pt atoms was considered a pivotal 
controlling factor in the reaction selectivity. 
" It is considered that the reaction selectivity depends on the Pt crystallite structure 
and each current density depends on the Pt electronic state.  
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Chapter 5 Low Pt loading and high hydrogen 
oxidation reaction performance at Pt/TiO2-SiO2 
investigated by a porous microelectrode 
5.1 Background 
 Polymer electrolyte fuel cells (PEFCs) have attracted significant interest as an 
upcoming environmentally reliable power source [1-4]. PEFCs are further required to 
be developed for practical applications. One of the most challenging issues to 
commercialize PEFCs is to suppress its relatively high cost due to the expensive metal, 
platinum, used as the anode and cathode catalysts in the PEFC [5]. Therefore, it is 
very important to minimize the amount of Pt utilized. In order to realize this, various 
nano-sized Pt-based alloy particles on high surface area supports have been prepared 
and investigated [6-12]. 
 Up to now, the most relevant aspects of the enhanced oxygen reduction reaction 
(ORR) activities at the cathode catalysts with a low Pt content or without Pt have been 
reported, such as the carbon-supported Au core/Pt shell structured catalyst, Pt/Au/C, 
carbon alloy catalysts, the partially oxidized Ta-CN powder, etc. Daimon et al. [13] 
reported an enhanced ORR activity of the Pt monolayer deposited on the surface of 
the carbon-supported Au core-shell nanoparticle. The Pt mass activity is 3−4 times 
higher than that of the commercial Pt/C electrocatalyst. Niwa et al. [14] prepared 
carbon alloy cathode catalysts, which are a mixture of carbon materials modified by 
nitrogen for the polymer electrolyte fuel cells. They showed relatively high ORR 
activities. Chisaka et al. [15] prepared the highly stable carbon-supported hafnium 
oxynitride (HfOxNy-C) catalyst. It is demonstrated that the HfOxNy-C is active for the 
ORR. However, the hydrogen oxidation reaction (HOR) at the anode catalyst with a 
low cost is seldom reported. 
 TiO2-SiO2 was used as the nano-sized Pt supported substrate in this study. As is 
known that UV-light irradiation using a photocatalyst is one method for the 
nanoparticle preparation. TiO2 functions as an effective photocatalyst under UV-light 
irradiation [16]. In contrast, SiO2 is inactive to UV-light irradiation. Thus, nano-sized 
Pt particles can be highly deposited on the TiO2 part of the TiO2-SiO2 under UV-light 
irradiation [17,18]. Furthermore, the Pt particle distance can be controlled by 
adjusting the distance between Ti and Si. On the other hand, TiO2 exhibits a high 
surface area, excellent catalytic activity, non-toxicity and long-term stability. As a 
support, TiO2 can modify the electronic property of the Pt surface and improve the 
electrocatalytic activity of Pt [19]. 
 In the present study, TiO2-SiO2 supported with various Ti loading (Ti: 5, 10 and 
50 wt%) were prepared by a sol-gel method, then Pt was loaded by a photodeposition 
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technique under UV-light irradiation. The hydrogen oxidation reaction (HOR) 
activities at the prepared catalysts were then evaluated by linear sweep voltammetry 
using a porous microelectrode (PME) [20,21]. A commercial Pt/C catalyst was also 
used as a reference. The prepared catalysts were characterized by scanning electron 
microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron 
spectroscopy (XPS), X-ray diffraction (XRD) and inductively coupled plasma (ICP). 
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5.2 Experimental 
5.2.1 Preparation of Pt/TiO2-SiO2 catalysts 
 The catalysts of Pt/TiO2-SiO2 (Ti: 5, 10, 50 wt%) were prepared by the following 
method. First, 10 mmol dm-3 tetraethyl orthosilicate (Wako special grade, Wako Pure 
Chemical Industries, Ltd.) and 1−5 mmol dm-3 titanium tetraisopropoxide (Wako 1st 
grade, Wako Pure Chemical Industries, Ltd.) were mixed in ethanol, then 3 cm3 of 11 
wt% hydrochloric acid (Wako special grade, Wako Pure Chemical Industries, Ltd.) 
was added and stirred. The obtained solid sample was then ground, dried, and 
calcined at 673 K in an electric furnace (ISUZU, VTDW-2R) for 30 min in an air 
atmosphere. The obtained powder is represented as TiO2-SiO2 of 5 µm diameter. 
Subsequently, the Pt loaded on the TiO2-SiO2 was prepared by the photodeposition 
technique. A 25 mg sample of TiO2-SiO2 powder was added to the mixed solution 
with 2.5 mm3 of 50 mmol dm-3 H2PtCl6 (Wako special grade, Wako Pure Chemical 
Industries, Ltd.) + 80 mmol dm-3 HCl solution, 2.5 cm3 of Milli-Q water, and 0.2 cm3 
C2H5OH (Wako special grade, Wako Pure Chemical Industries, Ltd.) with stirring 
under UV-light irradiation using a high-pressure Hg lamp at room temperature (500W, 
UXM-500SX2, USHIO, Inc.) for 5 h. Finally, the solution was filtered and dried at 
333 K. The obtained catalyst is represented as Pt/TiO2-SiO2. 
 
5.2.2 Characterization of Pt/TiO2-SiO2 
 Characterizations of the catalysts were carried out by different physical 
techniques: SEM (JSM-6060A, JEOL Ltd.) and TEM (JEM-2100F, JEOL Ltd.) for 
the morphological observations, XRD (XD-D1, Shimadzu Corporation) to determine 
the catalyst structure and evaluate the particle size. The XPS (JPS-9010TR, JEOL 
Ltd.) measurements of the Pt/TiO2-SiO2 (Ti: 5, 10, 50 wt%) and the TiO2-SiO2 were 
carried out to evaluate the binding energy shift. In order to compare the XPS spectra 
of Pt 4f, the XPS spectrum of TiO2-SiO2 as a background spectrum was subtracted 
from the XPS spectra of Pt/TiO2-SiO2 (Ti: 5, 10, 50 wt%). The Pt loading of 
Pt/TiO2-SiO2 (Ti: 10 wt%) was determined by ICP (ICPS-7510, Shimadzu 
Corporation). 
 
 
5.2.3 Electrochemical measurements 
 A PME with a depth of 10 µm as illustrated in Fig. 5-1a was prepared [20] and 
employed to evaluate the catalysts. The electrochemical measurements were carried 
out using a three-component electrochemical cell containing a platinum wire as the 
counter electrode, an Ag/Ag2SO4 reference electrode, and the prepared Pt/TiO2-SiO2 
electrocatalyst packed PME as the working electrode. All potentials reported in this 
study are with respect to the relative hydrogen electrode (RHE). Prior to the 
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electrochemical measurements, the Pt/C (TEC10E50E, Tanaka Kikinzoku Kogyo Co., 
Ltd. Pt loading: 50 wt%, average Pt particle size: 2.6 nm) and Pt/TiO2-SiO2 (Ti: 5, 10, 
50 wt%) were electrochemically cleaned in an Ar-saturated 0.5 mol dm-3 H2SO4 
solution for 0.5 h at the sweep rate of 100 mV s-1. The background cyclic 
voltammograms were then obtained in an Ar-saturated 0.5 mol dm-3 H2SO4 solution at 
the sweep rate of 10 mV s-1. Subsequently, the HOR were measured in a H2-saturated 
0.5 mol dm-3 H2SO4 solution at the sweep rate of 1 and 10 mV s-1, respectively. 
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5.3 Results and discussion 
5.3.1 Characterization of Pt/TiO2-SiO2 catalysts 
A schematic illustration of the Pt/TiO2-SiO2 catalyst is shown in Fig. 5-1b. SEM 
and TEM images of the Pt/TiO2-SiO2 (Ti: 10 wt%) catalyst are shown in Fig. 5-1c 
and Fig. 5-1d, respectively. From a measured XRD data, TiO2-SiO2 is known to be an 
amorphous structure. Big Pt/TiO2-SiO2 clusters of ~5 µm in diameter are observed in 
the SEM image (Fig. 5-1c) taken at 15 kV. However, no Pt particles are observed. 
The TEM image shown in Fig. 5-1d clearly reveals that the gray colored substrate of 
TiO2-SiO2 is loaded with white Pt particles, whose particle size, calculated from the 
TEM picture, was ~1.3 nm. The Pt particles are clearly visible and the agglomeration 
scarcely occurs. We confirmed that the Pt particle shape is spherical. 
 
 
 
Fig. 5-1 Schematic illustration of the porous microelectrode (a) and Pt/TiO2-SiO2 (Ti: 
10 wt%) catalyst (b). Micrographs of SEM (c) and TEM (d) for Pt/TiO2-SiO2 (Ti: 10 
wt%). (c): Pt/TiO2-SiO2 clusters. (d): Pt particles supported on TiO2-SiO2. 
 
Figure 5-2 shows the XPS spectra of the Pt 4f5/2 and 4f7/2 of the prepared catalysts, 
i.e., Pt/TiO2-SiO2 and the commercial Pt/C as a reference. The Pt 4f5/2 and 4f7/2 peak 
positions observed at the Pt/C and the Pt/TiO2-SiO2 (Ti: 50 wt%) are very close to the 
theoretical value of the Pt metal [22]. However, the positions of the Pt 4f5/2 and 4f7/2 
peaks observed at the Pt/TiO2-SiO2 (Ti: 5, 10 wt%) are shifted toward the high 
binding energy region. It is considered that such a major peak shift is attributed to the 
small Pt particle size of the Pt/TiO2-SiO2 (Ti: 5, 10 wt%) and low Pt loading amount 
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(< 1 wt%). It has a good agreement with our previous work, which reported that the 
shift of the Pt 4f toward the high binding energy is due to the decrease in Pt particle 
size [23]. The other reason we considered is that the Pt might be oxidized. Moreover, 
the main peak intensities (Pt 4f5/2, Pt 4f7/2) of the Pt/C are high, while those of the 
Pt/TiO2-SiO2 catalysts are comparatively weak. This could be explained by the low Pt 
loading amount and small Pt particle size of the Pt/TiO2-SiO2 catalysts. Anyhow, it is 
confirmed that the Pt particles are deposited on the TiO2-SiO2 substrate. 
 
 
Fig. 5-2 XPS spectra of Pt 4f5/2 and Pt 4f7/2 regions for electrocatalysts of 
Pt/TiO2-SiO2 (Ti: 5, 10, 50 wt%) and Pt/C (Pt: 50 wt%). The standard binding energy 
of Pt 4f5/2 and Pt 4f7/2 is shown by the dashed lines. 
 
Background cyclic voltammograms (CVs) of the Pt/TiO2-SiO2 catalysts with 
various Ti contents (Ti: 5, 10 and 50 wt%) and Pt/C packed PMEs (Fig. 5-1a) as the 
working electrode in 0.5 mol dm-3 H2SO4 under an Ar atmosphere are shown in Fig. 
5-3. The voltammogram of Pt/C was recorded in the potential range of 0.05−1.2 V vs. 
RHE, which exhibits a well-defined hydrogen UPD (under-potential deposition) 
symmetric response around 0.1−0.2 V vs. RHE and Pt oxidation around 0.8−1.2 V vs. 
RHE. In the reduction scan, a reduction peak around 0.75 V is observed, which 
corresponded to the reduction of the surface oxide on the Pt nano-particles [24]. 
However, almost all of the above characteristics cannot be observed in the 
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voltammograms of the Pt/TiO2-SiO2 catalysts. This is probably due to the fact that the 
Pt loading amount of Pt/TiO2-SiO2 is too low such that the distinctive features cannot 
be observed in the voltammograms, or the Pt particle size is too small. Another reason 
we considered is that the electron conductivity of the substrate TiO2-SiO2 is not high 
enough. 
 
5.3.2 Electrochemical measurement results of Pt/TiO2-SiO2 catalysts 
 
Fig. 5-3 Background cyclic voltammograms recorded at 10 mV s-1 in Ar-saturated 0.5 
mol dm-3 H2SO4 solution for electrocatalysts of Pt/TiO2-SiO2 (Ti: 5, 10, 50 wt%) 
 and Pt/C (Pt: 50 wt%). 
 
Prior to the HOR measurements at Pt/TiO2-SiO2, the HOR activity of the support 
of TiO2-SiO2 (Ti: 10 wt%) was investigated, which showed no HOR activity. Figure 
5-4 shows linear sweep voltammograms of the HOR at Pt/TiO2-SiO2 (Ti: 5, 10 and 50 
wt%) catalysts packed PMEs in H2-saturated 0.5 mol dm-3 H2SO4 at a sweep rate of 
10 mV s-1. The HOR currents commenced at 0.0 V vs. RHE and reached the 
diffusion-limited current at approximately 0.05 V vs. RHE. The diffusion-limited 
currents of Pt/TiO2-SiO2 with 5, 10 and 50 wt% Ti are 23.2, 41.7 and 12.5 nA, 
respectively. Therefore, it was found that Pt/TiO2-SiO2 (Ti: 10 wt%) had the highest 
HOR activity. 
When we compared the HOR activity of the Pt/TiO2-SiO2 (Ti: 10 wt%) to that of 
the Pt/TiO2-SiO2 (Ti: 5 wt%), the Pt loading amount is considered to be enhanced by 
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an increase in the Ti content. Therefore, the Pt/TiO2-SiO2 (Ti: 10 wt%) shows a higher 
HOR activity than the Pt/TiO2-SiO2 (Ti: 5 wt%). On the other hand, when the Ti 
content is 50 wt%, although the Pt loading amount would be enhanced, the 
Pt/TiO2-SiO2 (Ti: 50 wt%) shows a lower HOR activity than the Pt/TiO2-SiO2 (Ti: 10 
wt%). This is probably due to the Pt agglomeration occurred because the density of 
the Pt deposition site is so high when the Ti content is 50 wt%, resulting in a decrease 
in the specific Pt surface area. 
 
 
Fig. 5-4 Hydrogen oxidation i-E curves using Pt/TiO2-SiO2 (Ti: 5, 10, 50 wt%) 
catalysts in H2-satureated 0.5 mol dm-3 H2SO4 at the scan rate of 10 mV s-1. 
 
As mentioned above, the background voltammogram shapes of the Pt/TiO2-SiO2 
catalysts do not resemble to that of the Pt/C (see Fig. 5-3).	  One reason for this result is 
that the electric conductivity of the substrate, TiO2-SiO2, is not high enough.	  In order 
to enhance the electric conductivity of the Pt/TiO2-SiO2, carbon black (Vulcan 
XC-72R) was added and uniformly dispersed in it by a physical mixture so that the 
mass ratio of the Pt/TiO2-SiO2 (Ti: 10 wt%) to the carbon black was 3.5 to 1. The 
HOR activity of the carbon black has been confirmed, showing no HOR activity. The 
Pt/C was employed as the reference. The HOR results are shown in the inset of Fig. 
5-5. The HOR current of the Pt/C is about six times higher than that of the 
Pt/TiO2-SiO2 (Ti: 10 wt%). With regard to the carbon black addition, the HOR current 
exceeds that of the sample without carbon black addition.  
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Fig. 5-5 Semi-logarithmic plots for HER/HOR in terms of mass activity (A g-1Pt) of 
Pt/TiO2-SiO2 (Ti: 10 wt%), Pt/TiO2-SiO2 (Ti: 10 wt%) + carbon black (mass ratio = 
3.5 : 1) and Pt/C (Pt: 50 wt%), in H2-saturated 0.5 mol dm-3 H2SO4 at a scan rate of 1 
mV s-1. The inset shows the HOR polarization curves of Pt/TiO2-SiO2 (Ti: 10 wt%), 
Pt/TiO2-SiO2 (Ti: 10 wt%) + carbon black (mass ratio = 3.5 : 1) and Pt/C (Pt: 50 wt%), 
in H2-saturated 0.5 mol dm-3 H2SO4 at the scan rate of 10 mV s-1. 
 
Figure 5-5 represents the semi-logarithmic plots of the hydrogen evolution 
reaction (HER) and HOR. In the figure, the current is a function of the mass activity. 
The mass activity was calculated as follows. The bulk densities of these three 
catalysts were calculated by weighing them at a certain volume. The Pt loading 
percentages are known to be 0.6 wt% for the Pt/TiO2-SiO2 (Ti: 10 wt%) and 50 wt% 
for the Pt/C. With regard to the Pt/TiO2-SiO2 (Ti: 10 wt%) + carbon, the mass ratio of 
the Pt/TiO2-SiO2 (Ti: 10 wt%) to the carbon black is 3.5 to 1. The absolute Pt weight 
packed in the microcavity volume of the PME was then calculated. Consequently, the 
semi-logarithmic plots [E vs. log i] for HER/HOR in terms of the Pt mass activity are 
shown in Fig. 5-5. An exchange current density can be obtained by extrapolating both 
tangents of the HER/HOR voltammograms. The exchange current densities of the 
Pt/C, Pt/TiO2-SiO2 (Ti: 10 wt%) and Pt/TiO2-SiO2 (Ti: 10 wt%) + carbon were 
determined to be 8.96, 57.8 and 173 A g-1Pt, respectively. It was found that the HOR 
mass activity of the Pt/TiO2-SiO2 (Ti: 10 wt%) is seven times higher than that of the 
Pt/C, and significantly increase by adding the carbon black, which is about twenty 
-0.04 0 0.04 
C
ur
re
nt
 d
en
si
ty
 |i
| /
 A
 g
-1
P
t 
Potential / V vs. RHE 
Pt/C
Pt/TiO2-SiO2  
(Ti: 10 wt%)
Pt/TiO2-SiO2  
(Ti: 10 wt%) + Carbon
0 
100 
200 
300 
0 
20 
40 
60 
0 0.05 0.1 0.15 
C
urrent of P
t/C
 / nA

 C
ur
re
nt
 / 
nA
 
Potential / V vs. RHE 
Pt/TiO2-SiO2 
(Ti: 10 wt%) + Carbon
Pt/TiO2-SiO2  
(Ti: 10 wt%)
Pt/C
104
103
102
101
100
10-1
10-2
	   101	  
times higher than that of the Pt/C. Based on these results, we plan to reduce the Pt 
loading amount of the anode catalyst by modifying the conductivity of the substrate in 
the near future. 
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5.4 Conclusions 
 The catalysts of Pt supported on TiO2-SiO2 (Ti: 5, 10, 50 wt%) were prepared and 
the HOR of these packed PMEs was investigated in H2-saturated 0.5 mol dm-3 H2SO4. 
The results were compared with that of the commercial Pt/C catalyst which contains 
50 wt% Pt. We found a remarkable Pt mass activity of Pt/TiO2-SiO2 at a 10 wt% Ti 
content, whose Pt loading was determined by ICP as 0.6 wt%, of seven times higher 
than that of Pt/C, thus exhibiting a significant potential to enhance the HOR activity 
with a low Pt content. In order to increase the electric conductivity of the 
Pt/TiO2-SiO2, carbon black was added and uniformly mixed by a physical method. It 
was found that a markedly higher HOR activity than that without the carbon addition, 
and the increased HOR activity was about twenty times higher than that of the Pt/C. 	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Chapter 6 Adsorption of CO2 reduction 
products at Pt/C and Pt-Ru/C electrocatalysts 
6.1 Background 
Recently our group functioned a new kind of polymer electrolyte fuel cell (PEFC) 
named H2-CO2 fuel cell [1]. H2 and CO2 are supplied to the anode and cathode, 
respectively. And the H2-CO2 fuel cell has been found to be able to generate electric 
power. The anode and cathode reactions are considered to be: 
 
Anode reaction: 4H2 → 8H+ + 8e-                      (6-1) 
Cathode reaction: CO2 + 8H+ + 8e- → CH4 + 2H2O        (6-2) 
 
Thus, we can not only reduce the CO2 in the atmosphere but also generate power. 
However, there are also problems such as that there are many kinds of products other 
than CH4 (e.g. CO, H2O, CH3OH), the products adsorb strongly to the electrode, 
making it difficult to take them out, and so on.  
 Previously, we reported the behavior of CO2 electroreduction at a Pt/C-based 
electrocatalyst of a membrane electrode assembly (MEA) in a single cell [2]. The 
main product of the reaction was estimated to be methanol. Its coulombic efficiency 
was expected to be 40%, however, the exhausted methanol yield from the cell was 
approximately 0.01%. This big difference can be explained in that almost all of the 
reductant adsorbs on the electrode surface so that it is hardly removed. If it is possible 
to weaken the adsorption force by changing the electrocatalyst, the product will be 
easily removed and provide a high efficiency. In addition, besides Pt/C, Pt-Ru/C was 
demonstrated has activity of CO2 reduction and a higher methanol yield was detected 
in the exhaust [3]. It enables me to investigate the adsorption of CO2 reduction 
products at Pt/C and Pt-Ru/C electrocatalysts, respectively. 
 In this study, the CO2 reduction activities of Pt/C and Pt-Ru/C were measured 
by the porous microelectrode (PME). Moreover, the adsorption of CO2 reduction 
products, such as CO, H2O, CH3OH, at Pt/C and Pt-Ru/C electrocatalysts was studied 
by using Brunauer–Emmett–Teller (BET) surface area analysis. The property of the 
CO2 reduction products adsorption was investigated by calculating the specific 
surface areas (SSA) on the Pt/C and Pt-Ru/C electrocatalysts based on the BET 
equation proposed in 1938 by Brunauer, Emmett and Teller [4].  
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6.2 Experimental 
6.2.1 Electrocatalysts 
Pt/C (TEC10E50E, Pt: 45.7 wt%, Tanaka Kikinzoku Kogyo Co., Ltd.) and 
Pt-Ru/C (TEC66E50, Pt: 32.6 wt%, Ru: 16.9 wt%, Tanaka Kikinzoku Kogyo Co., 
Ltd.) electrocatalysts were used as the electrocatalysts in this study. 
 
6.2.2 Electrochemical measurements 
The electrochemical measurements were carried out in a three-component 
electrochemical glass cell, containing a platinum wire as a counter electrode (CE), an 
Ag/Ag2SO4 reference electrode (RE) and a powder catalyst packed PME as the 
working electrode (WE). Prior to measurements, the powder catalyst packed PME is 
electrochemically cleaned in Ar-saturated (bubbling for 30 min) 0.5 mol dm-3 H2SO4 
solution by potential cycling for 30 min at a scan rate of 100 mV s-1. Then the cyclic 
voltammograms (CVs) of the catalysts (Pt/C and Pt-Ru/C) packed PME were 
performed in Ar- and CO2-saturated 0.5 mol dm-3 H2SO4 aqueous solution at a scan 
rate of 10 mV s-1. The cell potential is controlled by Electrochemical Analyzer 
660A-h (ALS / [H] CH Instruments). All potentials are converted into RHE 
(reversible hydrogen electrode) scale. 
 
6.2.3 BET measurements 
 N2 (99.9999%), CO (99.95%), CO2 (99.995%), H2O (Milli-Q water), CH3OH 
(99.8%, Wako) were used as the adsorbents in this study. N2 was used to determine 
the SSA of the electrocatalysts. 
The SSA of the electrocatalysts was determined using nitrogen gas adsorption 
isotherms [5], which was measured at liquid nitrogen temperature (77 K) with the 
instrument of BELSORP-max (Bel Japan). Prior to analysis, the electrocatalyst was 
dried at 100 °C for 5 h, then degassing the sample for not less than 6 h under the 
temperature of 100 °C. When degassing was completed, the H2 reduction treatment 
was conducted by exposing the electrocatalysts to the H2 atmosphere at 400 °C for 1 h. 
Afterward, the sample was weighed, then to calculate the weight of the sample and 
run the test software. The BET SSA of the sample was calculated using multipoint 
method, based on the linearized BET equation [6,7] accorded to the points of relative 
pressure (P/P0) ranging from 0.05 to 0.35. In the same manner, the CO, CO2, H2O, 
and CH3OH gas adsorption/desorption isotherms were measured. In the case of liquid 
H2O and CH3OH, prior to the heat treatment of electrocatalysts, the defoaming 
treatment of H2O and CH3OH must be conducted. The adsorption/desorption 
isotherms of CO2, H2O, and CH3OH were carried out at 25 °C, meanwhile, the 
adsorption/desorption isotherms of CO were carried out at 50 °C. All of the 
adsorption/desorption isotherms were carried out at the non-hydrogen reduced and 
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hydrogen reduced electrocatalysts, respectively. 
The linearized BET equation is: 
P
Vα (P0 −P)
=
1
CVm
+
C −1
CVm
( PP0
)        (6-3) 
where, P is the vapour pressure of adsorbent gas in equilibrium; P0 is the saturated 
pressure of adsorbent gas; Vα is the volume of gas adsorbed at standard temperature 
and pressure (STP) (273.15 K and atmospheric pressure 1.013 × 105 Pa); Vm is the 
volume of gas adsorbed at STP to produce an apparent monolayer on the sample 
surface; C is the dimensionless constant that is related to the enthalpy of adsorption of 
the adsorbent gas on the powder sample. A value of Vα is measured at each of not less 
than 3 values of P/P0. Then the BET value (P/Vα(P0-P)) is plotted against P/P0 
according to Eq. (6-3). From the resulting linear plot, the slop, which is equal to 
((C-1)/VmC), and the intercept, Vm is calculated as 1/(slope + intercept), while C is 
calculated as (slop/intercept) + 1. From the value of Vm so determined, the SSA in m2 
g-1, is calculated by the equation: 
SSA = VmNam×22400        (6-4) 
where, N is the Avogadro constant (6.022 × 1023 mol-1); a is the effective 
cross-sectional area of one adsorbent molecule; m is the mass of powder catalysts; 
22400 is the volume occupied by 1 mole of the adsorbent gas at STP allowing for 
minor departures from the ideal. 
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6.3 Results and discussion 
6.3.1 Cyclic voltammograms of Pt/C and Pt-Ru/C under CO2 atmosphere 
 
Fig. 6-1 Cyclic voltammograms obtained at Pt/C (upper) and Pt-Ru/C (lower) under 
CO2 (dotted lines) and Ar (solid lines) atmospheres. Sweep rate: 10 mV s-1. 
 
To investigate the electrochemical CO2 reduction reaction at the Pt-Ru/C, cyclic 
voltammograms were measured using the Pt-Ru/C-packed PME. Also, the 
Pt/C-packed PME was used for comparison. The voltammograms of the Pt/C and 
Pt-Ru/C under CO2 are shown as dotted lines in Fig. 6-1. As background 
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voltammograms, the voltammograms under the Ar atmosphere are presented in the 
same figure as solid lines. 
In upper figure for the Pt/C, a typical cyclic voltammogram of Pt is observed 
under the Ar atmosphere, representing characteristics such as the 
H-adsorption/desorption at 0.06-0.40 V vs. RHE, the formation of an oxide layer on 
the Pt surface at 0.80-1.20 V vs. RHE, and the reduction of the Pt oxide layer at 
around 0.75 V vs. RHE. In the CO2 atmosphere, three characteristic peaks are 
observed and designated as Region 1, Region 2, and Region 3. In Region 1 of the 
upper Fig. 6-1, the reduction current under the CO2 atmosphere is as high as that 
under the Ar atmosphere. In Region 2, the H-desorption region, the oxidation current 
under the CO2 atmosphere is lower than that under the Ar atmosphere. This implies 
that the desorption amount of adsorbed H on the Pt surface under the CO2 atmosphere 
is smaller than that under the Ar one. From the view point of a coulombic balance, 
this result is inconsistent with the observation in Region 1. In Region 3, a new current 
peak is observed under the CO2 atmosphere, although there is no peak under the Ar 
atmosphere. Based on these results, it is deduced that the CO2 reduction occurs in 
Region 1, which competes with the H-adsorption reaction, and the CO2 reduction 
product or intermediate is reoxidized in Region 3. 
For the Pt-Ru/C, the three peaks are also observed in Fig. 6-1 lower. By 
comparing the peaks of Regions 1-3 at the Pt/C and Pt-Ru/C, the peaks of Regions 
1and 2 have almost the same tendency. The CVs obtained under the Ar and CO2 
atmospheres are very close to each other in Region 1, and the oxidation current from 
the H-desorption in Region 2 decreases by changing the gas from Ar to CO2 in the 
same potential region for the Pt/C. However, in Region 3, the re-oxidation of the CO2 
reductant at the Pt-Ru/C occurs at a more negative potential than that at the Pt/C. In 
next part, the CO2 reductant adsorption/desorption features at Pt/C and Pt-Ru/C are 
investigated by BET method. 
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6.3.2 BET measurements: non-hydrogen reduced electrocatalysts 
In this part, all of the adsorption/desorption isotherms were carried out at the 
non-hydrogen reduced Pt/C and Pt-Ru/C electrocatalysts. 
 
6.3.2.1 N2 adsorption 
	  
Fig. 6-2 N2 adsorption/desorption isotherms of the non-hydrogen reduced Pt/C (red 
line) and Pt-Ru/C (blue line). 	  
The N2 adsorption/desorption isotherms of the non-hydrogen reduced Pt/C (red 
line) and Pt-Ru/C (blue line) are shown in the Fig. 6-2. In this figure, P is the vapour 
pressure of N2 gas in equilibrium, P0 is the saturated pressure of N2 gas, Vm is the 
volume of N2 adsorbed at STP to produce an apparent monolayer on the catalyst 
surface. For both of Pt/C and Pt-Ru/C, the adsorption isotherms are extremely close to 
that of the desorption isotherms, indicating that N2 is very easy to desorb from the 
surface of the catalysts. Moreover, the adsorption/desorption isotherms of Pt/C and 
Pt-Ru/C are extremely close to each other, indicating the properties of N2 adsorption 
on Pt/C and Pt-Ru/C are almost the same. 
According to the Fig. 6-2, the BET plots, which are shown in Fig. 6-3 (Pt/C) and 
Fig. 6-4 (Pt-Ru/C), are given directly by the analysis software named BEL Master. 
And the SSAs of N2 adsorbed on Pt/C and Pt-Ru/C automatically calculated by the 
software are 336 m2 g-1 and 344 m2 g-1, respectively. The values reflected that the 
properties of N2 adsorption on Pt/C and Pt-Ru/C are almost the same. 
 
Desorption 
Adsorption 
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Fig. 6-3 BET plot obtained from the N2 adsorption isotherm (Fig. 6-2 red line) at the 
non-hydrogen reduced Pt/C. 
 
 
Fig. 6-4 BET plot obtained from the N2 adsorption isotherm (Fig. 6-2 blue line) at the 
non-hydrogen reduced Pt-Ru/C. 
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6.3.2.2 CH3OH adsorption 
 
Fig. 6-5 CH3OH adsorption/desorption isotherms of the non-hydrogen reduced Pt/C 
(red line) and Pt-Ru/C (blue line). 
 
The CH3OH adsorption/desorption isotherms of the non-hydrogen reduced Pt/C 
(red line) and Pt-Ru/C (blue line) are shown in the Fig. 6-5. For both of Pt/C and 
Pt-Ru/C, under the same relative pressure, the volume of adsorbed CH3OH on the 
desorption isotherms is much higher than that of the adsorption isotherms, indicating 
that CH3OH is difficult to desorb from the surface of the catalysts. Moreover, the 
volume of adsorbed CH3OH on Pt-Ru/C is much higher than that of Pt/C, indicating 
CH3OH is easier to adsorb on Pt-Ru/C. 
According to the Fig. 6-5, the BET plots, which are shown in Fig. 6-6 (Pt/C) and 
Fig. 6-7 (Pt-Ru/C), are given directly by the analysis software named BEL Master. 
And the SSAs of CH3OH adsorbed on Pt/C and Pt-Ru/C automatically calculated by 
the software are 10.3 m2 g-1 and 32.5 m2 g-1, respectively. The values reflected that 
CH3OH is easier to adsorb on Pt-Ru/C than Pt/C. 
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Fig. 6-6 BET plot obtained from the CH3OH adsorption isotherm (Fig. 6-5 red line) at 
the non-hydrogen reduced Pt/C. 
 
 
Fig. 6-7 BET plot obtained from the CH3OH adsorption isotherm (Fig. 6-5 blue line) 
at the non-hydrogen reduced Pt-Ru/C. 
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6.3.2.3 H2O adsorption 
 
Fig. 6-8 H2O adsorption/desorption isotherms of the non-hydrogen reduced Pt/C (red 
line) and Pt-Ru/C (blue line). 
 
The H2O adsorption/desorption isotherms of the non-hydrogen reduced Pt/C (red 
line) and Pt-Ru/C (blue line) are shown in the Fig. 6-8. For both of Pt/C and Pt-Ru/C, 
under the same relative pressure: in the higher relative pressure region, the volume of 
adsorbed H2O on the desorption isotherms is much higher than that of the adsorption 
isotherms; however, in the lower relative pressure region, the volume of adsorbed 
H2O on the desorption isotherms is very close to that of the adsorption isotherms. It 
indicates that H2O is difficult to desorb from the surface of the catalysts in the higher 
relative pressure region, but easy in the lower relative pressure region. Moreover, 
under the same relative pressure (except higher relative pressure region of desorption 
isotherms), the volume of adsorbed H2O on Pt/C is much higher than that of Pt-Ru/C, 
indicating H2O is easier to adsorb on, and more difficult to desorb from Pt/C. 
According to the Fig. 6-8, the BET plots, which are shown in Fig. 6-9 (Pt/C) and 
Fig. 6-10 (Pt-Ru/C), are given directly by the analysis software named BEL Master. 
And the SSAs of H2O adsorbed on Pt/C and Pt-Ru/C automatically calculated by the 
software are 107 m2 g-1 and 58.6 m2 g-1, respectively. The values reflected that H2O is 
easier to adsorb on Pt/C than Pt-Ru/C. 
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Fig. 6-9 BET plot obtained from the H2O adsorption isotherm (Fig. 6-8 red line) at the 
non-hydrogen reduced Pt/C. 
 
 
Fig. 6-10 BET plot obtained from the H2O adsorption isotherm (Fig. 6-8 blue line) at 
the non-hydrogen reduced Pt-Ru/C. 
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6.3.2.4 CO adsorption 
 
Fig. 6-11 CO adsorption/desorption isotherms of the non-hydrogen reduced Pt/C (red 
line) and Pt-Ru/C (blue line). 
 
The CO adsorption/desorption isotherms of the non-hydrogen reduced Pt/C (red 
line) and Pt-Ru/C (blue line) are shown in the Fig. 6-11. For both of Pt/C and Pt-Ru/C, 
under the same relative pressure, the volume of adsorbed CO on the desorption 
isotherms is higher than that of the adsorption isotherms, especially in the lower 
relative pressure region. It indicates that the adsorbed CO is very difficult to desorb 
from the surface of Pt/C Pt-Ru/C. Moreover, under the same relative pressure, the 
volume of adsorbed CO on Pt-Ru/C is slightly higher than that of Pt/C, indicating CO 
is a little bit more difficult adsorb on Pt/C than that of Pt-Ru/C. 
According to the Fig. 6-10, the BET plots, which are shown in Fig. 6-12 (Pt/C) 
and Fig. 6-13 (Pt-Ru/C), are given directly by the analysis software named BEL 
Master. And the SSAs of CO adsorbed on Pt/C and Pt-Ru/C automatically calculated 
by the software are 72.0 m2 g-1 and 89.7 m2 g-1, respectively. 
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Fig. 6-12 BET plot obtained from the CO adsorption isotherm (Fig. 6-11 red line) at 
the non-hydrogen reduced Pt/C. 
 
 
Fig. 6-13 BET plot obtained from the CO adsorption isotherm (Fig. 6-11 blue line) at 
the non-hydrogen reduced Pt-Ru/C. 
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6.3.2.5 CO2 adsorption 
 
Fig. 6-14 CO2 adsorption/desorption isotherms of the non-hydrogen reduced Pt/C (red 
line) and Pt-Ru/C (blue line). 
 
The CO2 adsorption/desorption isotherms of the non-hydrogen reduced Pt/C (red 
line) and Pt-Ru/C (blue line) are shown in the Fig. 6-14. For both of Pt/C and Pt-Ru/C, 
the adsorption isotherms are very close to that of the desorption isotherms, indicating 
that CO2 is very easy to desorb from the surface of the catalysts. Moreover, the 
adsorption/desorption isotherms of Pt/C and Pt-Ru/C are very close to each other, 
indicating the properties of CO2 adsorption on Pt/C and Pt-Ru/C are almost the same. 
According to the Fig. 6-14, the BET plots, which are shown in Fig. 6-15 (Pt/C) 
and Fig. 6-16 (Pt-Ru/C), are given directly by the analysis software named BEL 
Master. And the SSAs of CO2 adsorbed on Pt/C and Pt-Ru/C automatically calculated 
by the software are 166 m2 g-1 and 173 m2 g-1, respectively. 
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Fig. 6-15 BET plot obtained from the CO2 adsorption isotherm (Fig. 6-14 red line) at 
the non-hydrogen reduced Pt/C. 
 
 
Fig. 6-16 BET plot obtained from the CO2 adsorption isotherm (Fig. 6-14 blue line) at 
the non-hydrogen reduced Pt-Ru/C. 
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6.3.2.6 CO2 + H2 adsorption 
According to the simulation results of CO2 adsorption on the Pt/C catalyst 
reported by Prof. Uchida, CO2 is very easy to adsorb on the Pt/C catalyst when 
coexists with H2. Therefore, the CO2 adsorption/desorption isotherms of the 
non-hydrogen reduced Pt/C and Pt-Ru/C were carried out using the mixed gas CO2 + 
H2 (CO2: base gas; H2: 0.206%). 	  
 
Fig. 6-17 CO2 adsorption/desorption isotherms of the non-hydrogen reduced Pt/C (red 
line) and Pt-Ru/C (blue line) using the mixed gas CO2 + H2  
(CO2: base gas; H2: 0.206%). 
 
The CO2 adsorption/desorption isotherms of the non-hydrogen reduced Pt/C (red 
line) and Pt-Ru/C (blue line) using the mixed gas CO2 + H2 (CO2: base gas; H2: 
0.206%) are shown in the Fig. 6-17. For both of Pt/C and Pt-Ru/C, the adsorption 
isotherms are very close to that of the desorption isotherms, indicating that CO2 is 
very easy to desorb from the surface of the catalysts. Moreover, the 
adsorption/desorption isotherms of Pt/C and Pt-Ru/C are close to each other, 
indicating the properties of CO2 adsorption on Pt/C and Pt-Ru/C are almost the same. 
According to the Fig. 6-17, the BET plots, which are shown in Fig. 6-18 (Pt/C) 
and Fig. 6-19 (Pt-Ru/C), are given directly by the analysis software named BEL 
Master. And the SSAs of CO2 adsorbed on Pt/C and Pt-Ru/C automatically calculated 
by the software are 165 m2 g-1 and 174 m2 g-1, respectively. There is no difference 
from the SSAs of Pt/C and Pt-Ru/C obtained by using CO2 and CO2 + H2. The result 
is different from the results reported by Prof. Uchida. Next, I plan to conduct the CO2 
Desorption 
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adsorption/desorption isotherms of the hydrogen reduced Pt/C and Pt-Ru/C using the 
mixed gas CO2 + H2 (CO2: base gas; H2: 0.206%). 
 
Fig. 6-18 BET plot obtained from the CO2 adsorption isotherm (Fig. 6-17 red line) at 
the non-hydrogen reduced Pt/C using the mixed gas CO2 + H2. 
 
Fig. 6-19 BET plot obtained from the CO2 adsorption isotherm (Fig. 6-17 blue line) at 
the non-hydrogen reduced Pt-Ru/C using the mixed gas CO2 + H2. 
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6.3.3 BET measurements: hydrogen reduced electrocatalysts 
In this part, all of the adsorption/desorption isotherms were carried out at the 
hydrogen reduced Pt/C and Pt-Ru/C electrocatalysts. 
6.3.3.1 CO2 + H2 adsorption 
The CO2 adsorption/desorption isotherms of the hydrogen reduced Pt/C and 
Pt-Ru/C were carried out using the mixed gas CO2 + H2 (CO2: base gas; H2: 0.206%). 
 
Fig. 6-20 CO2 adsorption/desorption isotherms of the hydrogen reduced Pt/C (red line) 
and Pt-Ru/C (blue line) using the mixed gas CO2 + H2  
(CO2: base gas; H2: 0.206%). 
 
The CO2 adsorption/desorption isotherms of the hydrogen reduced Pt/C (red line) 
and Pt-Ru/C (blue line) using the mixed gas CO2 + H2 (CO2: base gas; H2: 0.206%) 
are shown in the Fig. 6-20. For both of Pt/C and Pt-Ru/C, the adsorption isotherms are 
very close to that of the desorption isotherms, indicating that CO2 is very easy to 
desorb from the surface of the catalysts. Moreover, the adsorption/desorption 
isotherms of Pt/C and Pt-Ru/C do not show too much different from each other. 
According to the Fig. 6-20, the BET plots, which are shown in Fig. 6-21 (Pt/C) 
and Fig. 6-22 (Pt-Ru/C), are given directly by the analysis software named BEL 
Master. And the SSAs of CO2 adsorbed on Pt/C and Pt-Ru/C automatically calculated 
by the software are 283 m2 g-1 and 171 m2 g-1, respectively. In the case of Pt-Ru/C, 
there is no difference from the SSAs of non-hydrogen reduced and hydrogen reduced 
Pt-Ru/C obtained by CO2 + H2. In the case of Pt/C, the SSA of hydrogen reduced Pt/C 
Desorption 
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is much higher than that of non-hydrogen reduced Pt/C.  
 
Fig. 6-21 BET plot obtained from the CO2 adsorption isotherm (Fig. 6-20 red line) at 
the hydrogen reduced Pt/C using the mixed gas CO2 + H2. 
 
 
Fig. 6-22 BET plot obtained from the CO2 adsorption isotherm (Fig. 6-20 blue line) at 
the hydrogen reduced Pt-Ru/C using the mixed gas CO2 + H2. 
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6.3.3.2 CO2 adsorption 
In order to clarify the increased SSAs in 6.3.2.1 result from the hydrogen 
reduction treatment on the catalyst or the mixed gas of CO2 + H2, the CO2 (without H2) 
adsorption/desorption isotherms were carried out. 
 
Fig. 6-23 CO2 adsorption/desorption isotherms of the hydrogen reduced Pt/C (red line) 
and Pt-Ru/C (blue line) using the gas of CO2 (without H2). 
 
The CO2 adsorption/desorption isotherms of the hydrogen reduced Pt/C (red line) 
and Pt-Ru/C (blue line) using gas CO2 (without H2) are shown in the Fig. 6-23. For 
both of Pt/C and Pt-Ru/C, the adsorption isotherms are very close to that of the 
desorption isotherms, indicating that CO2 is very easy to desorb from the surface of 
the catalysts. Moreover, the adsorption/desorption isotherms of Pt/C and Pt-Ru/C do 
not show too much different from each other. 
According to the Fig. 6-23, the BET plots, which are shown in Fig. 6-24 (Pt/C) 
and Fig. 6-25 (Pt-Ru/C), are given directly by the analysis software named BEL 
Master. And the SSAs of CO2 adsorbed on Pt/C and Pt-Ru/C automatically calculated 
by the software are 142 m2 g-1 and 166 m2 g-1, respectively. Thus, there is no 
difference from the SSAs of non-hydrogen reduced and hydrogen reduced Pt/C and 
Pt-Ru/C obtained by CO2 (without H2). Therefore, compared to the SSA of 
non-hydrogen reduced Pt/C using CO2 (without H2), the increased SSA of hydrogen 
reduced Pt/C using mixed gas CO2 + H2 results from the existence H2 in the mix gas. 
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Fig. 6-24 BET plot obtained from the CO2 adsorption isotherm (Fig. 6-23 red line) at 
the hydrogen reduced Pt/C using the gas of CO2 (without H2). 
 
 
Fig. 6-25 BET plot obtained from the CO2 adsorption isotherm (Fig. 6-22 blue line) at 
the hydrogen reduced Pt-Ru/C using the gas of CO2 (without H2). 
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6.4 Conclusions 
 In this study, the CVs of Pt/C and Pt-Ru/C-packed PME under Ar and CO2 
atmospheres were measured. The adsorption of CO2 reductants (CH3OH, H2O, CO, 
CO2) at Pt/C and Pt-Ru/C electrocatalysts was studied by using BET surface area 
analysis. 
" CO2 reduction behaviors at Pt/C and Pt-Ru/C were observed. The re-oxidation of 
the CO2 reductant at the Pt-Ru/C occurs at a more negative potential than that at 
the Pt/C. 
" CH3OH is easier to adsorb on Pt-Ru/C than Pt/C. The adsorbed CH3OH is 
difficult to desorb from Pt/C and Pt-Ru/C. 
" H2O is easier to adsorb on Pt/C than Pt-Ru/C. The adsorbed H2O is difficult to 
desorb from Pt/C and Pt-Ru/C in the higher relative pressure region, but very 
easy to desorb in the lower relative pressure region 
" CO is a little bit easier to adsorb on Pt-Ru/C than Pt/C. The adsorbed CO is very 
difficult (much more difficult than CH3OH) to desorb from Pt/C and Pt-Ru/C.	  
" The adsorption properties of CO2 on Pt/C and Pt-Ru/C are extremely close to 
each other. CO2 is easy to adsorb on and desorb from Pt/C and Pt-Ru/C. 
" For the CO2 adsorption on Pt/C and Pt-Ru/C using mixed gas CO2 + H2 (CO2: 
base gas; H2: 0.206%): there is no difference from the SSAs of non-hydrogen 
reduced and hydrogen reduced Pt-Ru/C; however, the SSAs of hydrogen reduced 
Pt/C is much higher than that of non-hydrogen reduced Pt/C. 	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Chapter 7 Conclusions 
 The polymer electrolyte fuel cell (PEFC) cannot be extensively used due to some 
problems, such as storing and making hydrogen, high cost, degradation. In order to 
tackle these problems, in this study, a porous microelectrode (PME), which is 
demonstrated as a powerful tool to investigate electrode reactions, was employed to 
do the research as following.	 
 
Chapter 3 Anode and cathode degradation modeling of polymer electrolyte fuel 
cell using a porous microelectrode evaluated by the electrochemical impedance 
spectroscopy 
 
In this chapter, PME was used to model the electrode structure before 
degradation by filling the powder mixture of the commercial Pt/C catalyst and Nafion 
in the microcavity. On the other hand, as a representative of the electrode structure 
after degradation, the Pt electroplated PME by filling the microcavity with the powder 
mixture of the carbon black and Nafion was developed. The electrode degradation 
behavior was investigated by the modeled PME electrode and PEFC single cell using 
the EIS. 
For both of modeled PME electrode and PEFC single cell, after degradation, both 
of the charge transfer increased due to the decrease of electrochemical surface area of 
Pt; mass transfer increased due to hydrogen or oxygen are difficult to diffuse to the 
surface of Pt; adsorption resistance decreased, indicating the adsorption site of the 
intermediates, i.e., electrochemical surface area of Pt is decreased.  
 From the results of EIS, the same degradation behavior of PEFC single cell and 
modeled electrode is observed. It indicates that the modeled electrode is very effective 
to investigate the degradation behavior of the PEFC. 
 
Chapter 4 Investigation of reaction selectivity at various Pt/C electrocatalysts 
packed porous microelectrode in the presence of methanol and oxygen 
 
 Seven types of Pt/C electrocatalysts were used to investigate the reaction 
selectivity in the presence of methanol and oxygen using a porous microelectrode. 
The factors controlling the ORR, MOR and the reaction selectivity in the presence of 
methanol and oxygen were discussed. A summary of the results is as follows:  
" For the oxygen reduction reaction, the activities of Pt/C (a)–(c) are much higher 
than those of Pt/C (d)–(g). The current density at 0.8 V vs. RHE has a positive 
correlation with the Pt loading amount and Pt particle distance but a negative 
correlation with the Pt particle size. 
" For the methanol oxidation reaction, the activities of Pt/C (d)–(g) are much 
higher than those of Pt/C (a)–(c). The current density at 0.65 V vs. RHE has a 
positive correlation with the Pt loading amount. 
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" For the reaction selectivity in the presence of methanol and oxygen, Pt/C (a)–(c), 
from which OH is easy and CO is difficult to desorb, shows the ORR selectivity; 
Pt/C (d)–(f), from which OH is difficult and CO is easy to desorb, shows the 
MOR selectivity, while the heat treated Pt/C (g) has electrocatalytic activity for 
both of MOR and ORR. The current density at 0.65 V vs. RHE has a negative 
correlation with the Pt particle size, Pt binding energy shift and the ratio of 
surface Pt atoms. The ratio of surface Pt atoms was considered a pivotal 
controlling factor in the reaction selectivity. 
" It is considered that the reaction selectivity depends on the Pt crystallite structure 
and each current density depends on the Pt electronic state.  
 
Chapter 5 Low Pt loading and high hydrogen oxidation reaction performance at 
Pt/TiO2-SiO2 investigated by a porous microelectrode 
 
 The catalysts of Pt supported on TiO2-SiO2 (Ti: 5, 10, 50 wt%) were prepared and 
the HOR of these packed PMEs was investigated using PME in H2-saturated 0.5 mol 
dm-3 H2SO4. The results were compared with that of the commercial Pt/C catalyst 
which contains 50 wt% Pt.  
 A remarkable Pt mass activity of Pt/TiO2-SiO2 at a 10 wt% Ti content was found, 
whose Pt loading was determined by ICP as 0.6 wt%, of seven times higher than that 
of Pt/C, thus exhibiting a significant potential to enhance the HOR activity with a low 
Pt content. In order to increase the electric conductivity of the Pt/TiO2-SiO2, carbon 
black was added and uniformly mixed by a physical method. It was found that a 
markedly higher HOR activity than that without the carbon addition, and the 
increased HOR activity was about twenty times higher than that of the Pt/C. 
 
Chapter 6 Adsorption of CO2 reduction products at Pt/C and Pt-Ru/C 
electrocatalysts 
 
The CVs of Pt/C and Pt-Ru/C-packed PME under Ar and CO2 atmospheres were 
measured. The adsorption of CO2 reductants (CH3OH, H2O, CO, CO2) at Pt/C and 
Pt-Ru/C electrocatalysts was studied by using BET surface area analysis. 
" CO2 reduction behaviors at Pt/C and Pt-Ru/C were observed. The re-oxidation of 
the CO2 reductant at the Pt-Ru/C occurs at a more negative potential than that at 
the Pt/C. 
" CH3OH is easier to adsorb on Pt-Ru/C than Pt/C. The adsorbed CH3OH is 
difficult to desorb from Pt/C and Pt-Ru/C. 
" H2O is easier to adsorb on Pt/C than Pt-Ru/C. The adsorbed H2O is difficult to 
desorb from Pt/C and Pt-Ru/C in the higher relative pressure region, but very 
easy to desorb in the lower relative pressure region 
" CO is a little bit easier to adsorb on Pt-Ru/C than Pt/C. The adsorbed CO is very 
difficult (much more difficult than CH3OH) to desorb from Pt/C and Pt-Ru/C.	  
" The adsorption properties of CO2 on Pt/C and Pt-Ru/C are extremely close to 
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each other. CO2 is easy to adsorb on and desorb from Pt/C and Pt-Ru/C. 
" For the CO2 adsorption on Pt/C and Pt-Ru/C using mixed gas CO2 + H2 (CO2: 
base gas; H2: 0.206%): there is no difference from the SSAs of non-hydrogen 
reduced and hydrogen reduced Pt-Ru/C; however, the SSAs of hydrogen reduced 
Pt/C is much higher than that of non-hydrogen reduced Pt/C. 
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Appendix 
A. Micrographs of TEM for Pt/C (a)-(g) 
 Figure A-1 shows the TEM images of Pt/C (a)-(g), supporting the results of XRD 
in chapter 4. The Pt crystallite size of Pt/C (a) is the smallest and that of Pt/C (g) is 
the largest of the seven types of Pt/C catalysts. It has a good agreement with that of 
XRD results. 
 
 
 
 
 
 
 
 
 
(a) 
2 nm 
(b) 
2 nm 
(c) 
2 nm 
(d) 
2 nm 
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Fig. A-1 Micrographs of TEM for Pt/C (a)-(g). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(e) 
2 nm 
(f) 
2 nm 
(g) 
5 nm 
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B. The degradation behavior of ionomer at the anode in polymer 
electrolyte fuel cell modeled by a porous microelectrode 
 
1. Introduction 
  An important issue for membrane electrode assembly (MEA) in polymer 
electrolyte fuel cells (PEFCs) is deterioration. Some researchers reported that the 
ionomer degradation was observed in the MEA. This experiment supports chapter 3, 
clarifying the degradation behavior of ionomer in the PEFC. The degradation 
behavior of ionomer in the PEFC was modeled by the Pt/C and Nafion powder 
mixtures (volume ratios: Pt/C : Nafion = 1 : 1; Pt/C : Nafion = 1 : 0.6; only Pt/C) 
packed porous microelectrode (PME). The hydrogen oxidation reaction (HOR) and 
the electrochemical impedance spectroscopy (EIS) measurements were carried out. 
 
2. Experimental 
   
2.1. The preparation of working electrodes 
  A PME was prepared by the following method. A gold wire of 50 µm diameter was 
inserted into a capillary glass and heat-sealed by decompressing the glass inside. The 
tip of the capillary glass was then mirror finished using lapping films (3M Imperial, 
#200 ~ #6000), thus an Au microdisk electrode was obtained. Subsequently, the tip of 
the Au microdisk electrode was etched in a 1 mol dm-3 HCl aqueous solution for 20 
min at a current of 3 µA, resulting in a microcavity with a depth of 60 µm. 
 
2.2. The preparation of catalysts 
  Two types of powder mixtures with Pt/C (TEC10E50E) and Nafion were prepared. 
The volume ratios of Pt/C and Nafion are 1 to 1 and 1 to 0.6. 
  The powder mixture of Pt/C and Nafion with the volume ratio of 1 to 1 was 
prepared by the following method. First, 0.0125 g Pt/C was added in 10 g Milli-Q 
water and stirred for about 20 min, resulting in a suspension. Then 0.05 g 5 wt% 
Nafion solution was added in the suspension and stirred for 2h. Subsequently, the 
mixture was dried at 80 °C for 15 h. Then, the powder mixture of Pt/C and Nafion 
with the volume ratio of 1 to 0.6 was prepared in the same manner. The weight of 
Pt/C was 0.0337 g and the weight of 5 wt% Nafion solution was 0.07366 g. 
 
2.3. Electrochemical measurements 
  The electrochemical measurements were carried out in a 3-electrode 
electrochemical cell, containing a Pt coil as a counter electrode, an Ag/Ag2SO4 
reference electrode, and a working electrode (Pt/C + Nafion powder mixture packed 
PME). Prior to HOR measurements, the electrochemical cleaning of working 
electrode was conducted in an Ar-saturated 0.5 mol dm-3 H2SO4 solution at a scan rate 
of 100 mV s-1 by potential cycling for 50 cycles. The potential cycling started from 
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the rest potential and the sweep range was 0.05 V vs. RHE – 1.2 V vs. RHE. Then the 
background cyclic voltammogram (CV) was carried out in the same manner at a scan 
rate of 10 mV s-1 for 3 cycles. HOR measurements were carried out in an H2-saturated 
0.5 mol dm-3 H2SO4 solution at a scan rate of 1 mV s-1. The sweep range of HOR was 
from rest potential to 0.3 V vs. RHE. 
 
2.4. EIS measurements 
  The EISs for HOR were measured by Electrochemical Analyzer 660A-h (ALS / [H] 
CH Instruments). The frequency range was 100 kHz – 0.1 mHz. The amplitude of the 
a.c. potential signal was 5 mV. 
 
3. Results 
 
3.1 Background CVs 
                         
Fig. B-1. Background CVs of Pt/C and Nafion powder mixture (volume ratio: Pt/C : 
Nafion = 1 : 1 (solide line); Pt/C : Nafion = 1 : 0.6 (dashed line); only Pt/C (dotted 
line)) packed PME in Ar-saturated 0.5 mol dm-3 H2SO4. Scan rate: 10 mV s-1. 
 
  Figure B-1 shows the Background CVs of Pt/C and Nafion powder mixture 
(volume ratio: Pt/C : Nafion = 1 : 1 (solide line); Pt/C : Nafion = 1 : 0.6; only Pt/C 
(dotted line)) packed PME. In the case of Pt/C : Nafion = 1 : 1, the background CV 
shows the largest H-desorption and adsorption peaks. In the case of Pt/C without 
Nafion, the background CV shows the smallest H-desorption and adsorption peaks. 
That is the decrease of Nafion amount resulted in a decrease of the electrochemical 
surface area (ECSA) of Pt. 
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3.2 HOR measurements 
 
Fig. B-2. CVs of Pt/C and Nafion powder mixture (volume ratio: Pt/C : Nafion = 1 : 1 
(solide line); Pt/C : Nafion = 1 : 0.6 (dashed line); only Pt/C (dotted line)) packed 
PME in H2-saturated 0.5 mol dm-3 H2SO4. Scan rate: 1 mV s-1. 
 
  Figure B-2 shows the HOR results of Pt/C and Nafion powder mixture (volume 
ratio: Pt/C : Nafion = 1 : 1 (solide line); Pt/C : Nafion = 1 : 0.6 (dotted line)) packed 
PME. The diffusion limited current of Pt/C and Nafion powder mixture packed PME 
(Pt/C : Nafion = 1 : 1) is close to that of that of Pt/C and Nafion powder mixture 
packed PME (Pt/C : Nafion = 1 : 0.6), and much higher than that of Pt/C powder 
packed PME. Then the EIS measurements were carried out under the potentials 
shown in Fig. B-2 by the arrows, point 1 (charge transfer control), point 2 (mixed 
control by charge transfer and mass transfer), point 3 (mass transfer control). 
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3.3 EIS measurements 
 
3.3.1 Point 1 
 
Fig. B-3. Nyquist plots of Pt/C and Nafion powder mixture (volume ratio: ☐Pt/C : 
Nafion = 1 : 1; △Pt/C : Nafion = 1 : 0.6; 〇only Pt/C) packed PME in H2-saturated 
0.5 mol dm-3 H2SO4 under the potentials of 0.005, 0.001, 0.005 V vs. RHE. 
Frequency range: 100 kHz – 0.1 mHz. Amplitude: 5 mV. 
 
 
Fig. B-4. The equivalent circuit used to fit the Nyquist plots in this study. 
 
  Figure B-3 shows the EIS results of catalyst powder (☐Pt/C : Nafion = 1 : 1; △
Pt/C : Nafion = 1 : 0.6; 〇only Pt/C) packed PME. The EIS measurements of catalyst 
powder of Pt/C : Nafion = 1 : 1, Pt/C : Nafion = 1 : 0.6, only Pt/C without Nafion 
packed PME in H2-saturated 0.5 mol dm-3 H2SO4 under the potentials of 0.005, 0.001, 
0.005 V vs. RHE, respectively. The kinetics of charge transfer (Rct), mass transfer 
(Rmt) and adsorption (Rad) resistances were quantitatively analyzed by the equivalent 
circuit which is shown in Fig. B-4. In this circuit, the electrolyte resistance is so small 
that it was ignored. C is the capacitance. The charge transfer resistance, Rct, is for the 
HOR process. The first branch involves a branch for the adsorption process consisting 
of a constant phase element (CPE) and a resistance Rad. The CPE is used in the model 
in place of a capacitor to compensate for the nonhomogeneity in the system. The 
resistance, Rad, is for the intermediates adsorption process. The second branch consists 
of a capacitance, C2, and resistance, Rmt, for the mass transfer process.  
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Table B-1. Fitted results of the Nyquist impedance spectra of catalyst powder of Pt/C : 
Nafion = 1 : 1, Pt/C : Nafion = 1 : 0.6, Pt/C without Nafion packed PME in 
H2-saturated 0.5 mol dm-3 H2SO4 under the potentials of 0.005, 0.001, 0.005 V vs. 
RHE, respectively. 
 
 
  The fitted results of the resistances are listed in Table B-1. In the order of Pt/C : 
Nafion = 1 : 1,  Pt/C : Nafion = 1 : 0.6, Pt/C without Nafion, the Rct and Rmt 
increased. 
 
3.3.2 Point 2 
 
Fig. B-5. Nyquist plots of Pt/C and Nafion powder mixture (volume ratio: ☐Pt/C : 
Nafion = 1 : 1; △Pt/C : Nafion = 1 : 0.6; 〇only Pt/C) packed PME in H2-saturated 
0.5 mol dm-3 H2SO4 under the potentials of 0.008, 0.01, 0.012 V vs. RHE. Frequency 
range: 100 kHz – 0.1 mHz. Amplitude: 5 mV. 
 
  Figure B-5 shows the EIS results of catalyst powder (☐Pt/C : Nafion = 1 : 1; △
Pt/C : Nafion = 1 : 0.6; 〇only Pt/C) packed PME. The EIS measurements of catalyst 
powder of Pt/C : Nafion = 1 : 1, Pt/C : Nafion = 1 : 0.6, only Pt/C without Nafion 
packed PME in H2-saturated 0.5 mol dm-3 H2SO4 under the potentials of 0.008, 0.01, 
0.012 V vs. RHE, respectively. The kinetics of charge transfer (Rct), mass transfer 
(Rmt) and adsorption (Rad) resistances were quantitatively analyzed by the equivalent 
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circuit which is shown in Fig. B-4. 
 
Table B-2. Fitted results of the Nyquist impedance spectra of catalyst powder of Pt/C : 
Nafion = 1 : 1, Pt/C : Nafion = 1 : 0.6, Pt/C without Nafion packed PME in 
H2-saturated 0.5 mol dm-3 H2SO4 under the potentials of 0.008, 0.01, 0.012 V vs. 
RHE, respectively. 
 
 
  The fitted results of the resistances are listed in Table B-2. In the order of Pt/C : 
Nafion = 1 : 1,  Pt/C : Nafion = 1 : 0.6, Pt/C without Nafion, the Rct and Rmt 
increased. 
 
3.3.3 Point 3 
 
Fig. B-6. Nyquist plots of Pt/C and Nafion powder mixture (volume ratio: ☐Pt/C : 
Nafion = 1 : 1; △Pt/C : Nafion = 1 : 0.6; 〇only Pt/C) packed PME in H2-saturated 
0.5 mol dm-3 H2SO4 under the potentials of 0.03, 0.04, 0.04 V vs. RHE. Frequency 
range: 100 kHz – 0.1 mHz. Amplitude: 5 mV. 
 
  Figure B-6 shows the EIS results of catalyst powder (☐Pt/C : Nafion = 1 : 1; △
Pt/C : Nafion = 1 : 0.6; 〇only Pt/C) packed PME. The EIS measurements of catalyst 
powder of Pt/C : Nafion = 1 : 1, Pt/C : Nafion = 1 : 0.6, only Pt/C without Nafion 
packed PME in H2-saturated 0.5 mol dm-3 H2SO4 under the potentials of 0.03, 0.04, 
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0.04 V vs. RHE, respectively. The kinetics of charge transfer (Rct), mass transfer (Rmt) 
and adsorption (Rad) resistances were quantitatively analyzed by the equivalent circuit 
which is shown in Fig. B-4. 
 
Table B-3. Fitted results of the Nyquist impedance spectra of catalyst powder of Pt/C : 
Nafion = 1 : 1, Pt/C : Nafion = 1 : 0.6, Pt/C without Nafion packed PME in 
H2-saturated 0.5 mol dm-3 H2SO4 under the potentials of 0.03, 0.04, 0.04 V vs. RHE, 
respectively. 
 
 
  The fitted results of the resistances are listed in Table B-3. In the order of Pt/C : 
Nafion = 1 : 1,  Pt/C : Nafion = 1 : 0.6, Pt/C without Nafion, the Rct and Rmt 
increased. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Total reaction resistance
(combination of Rct, Rmt, Rad)
1.33 × 106 3.77 × 106 1.11 × 107
Rct (charge transfer) 6.57 × 102 7.12 × 102 1.73 × 103
R (Ω)
R Pt : Nafion = 1 : 1 Pt : Nafion = 1 : 0.6 Pt/C without Nafion
Rmt (mass transfer) 6.61 × 102 1.02 × 103 1.76 × 103
Rad (adsorption) 1.33 × 106 3.77 × 106 1.11 × 107
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4. Discussion 
          (a)                          (b)                          (c) 
	   	    
 
Fig. B-7 Schematic figures of Pt/C and Nafion powder mixture (volume ratio: (a) 
Pt/C : Nafion = 1 : 1; (b) Pt/C : Nafion = 1 : 0.6; (c) Pt/C without Nafion) packed 
PME. 
 
  The schematic figures of Pt/C and Nafion powder mixture (volume ratio: (a) Pt/C : 
Nafion = 1 : 1; (b) Pt/C : Nafion = 1 : 0.6; (c) Pt/C without Nafion) packed PME is 
shown in Fig. B-7. In the case of (a) Pt/C : Nafion = 1 : 1, Nafion distributes 
everywhere in the microcavity, surrounding the Pt particles, therefore, the H+ can 
easily diffuse to the surface of the Pt particles. In the case of (b) Pt/C : Nafion = 1 : 
0.6, the H+ can easily diffuse to the surface of the Pt particles which are surrounded 
by the Nafion. However, the H+ is difficult to diffuse to the surface of the other Pt 
particles which are not touch with Nafion. In the case of (c) Pt/C without Nafion, the 
H+ can easily diffuse to the surface of the Pt particles which are in the outer of the 
microcavity, but it is difficult to diffuse to the surface of the Pt particle which are in 
the inner of the microcapvity. According to the above reasons, it is predicted that the 
decrease of Nafion amount results in a decrease of the ECSA of Pt, which is 
confirmed by the background CVs in 3.1. Due to the decrease of ECSA of Pt, the 
charge transfer resistance increased with the decrease of Nafion. In addition, we can 
also conclude that the mass transfer resistance increased with the decrease of Nafion. 
 
5. Conclusions 
" The degradation behavior of ionomer at the anode in PEFC was modeled by the 
Pt/C and Nafion powder mixtures (volume ratios: Pt/C : Nafion = 1 : 1; Pt/C : 
Nafion = 1 : 0.6; Pt/C without Nafion) packed PME. 
" Pt/C and Nafion powder mixture (Pt/C : Nafion = 1 : 1) packed PME shows the 
highest ECSA and HOR activity. Pt/C packed PME shows the lowest ECSA and 
HOR activity. 
" For EIS results, both of the charge transfer and mass transfer resistances 
increased with the decrease of Nafion. 
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